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PREFACE TO ORIGINAL EDITION 


T HIS BOOK was written mainly at Iowa State College; it was com¬ 
pleted at Cornell University. Based on nearly fifteen years of ex¬ 
perience in the field of animal physiology, it represents an attempt to 
provide students of veterinary medicine with a suitable textbook for 
their courses in physiology. I believe also, on the basis of experience, 
that much of the book will be useful to students of animal husbandry. 
Furthermore, I venture the opinion that practitioners of veterinary 
medicine who wish to keep up with the trend in physiology will find 
the book helpful. 

Because our knowledge of the physiology of the large domestic 
animals still presents so many gaps, the writer of a textbook of this 
kind is compelled to draw freely on the knowledge derived from re¬ 
searches made on the laboratory mammals. But this necessity is not 
altogether unfortunate, for most of these animals are also domestic 
animals, and several of them are from the standpoint of economic 
veterinary medicine of great importance. 

Each part is followed by a list of references, which is in most in¬ 
stances brief. Reference to articles in these lists is made by authors’ 
names in the text. Facility of reference—rather than considerations of 
priority and recognition for work done, important as these may be— 
is the reason for the inclusion of authors’ names in the text. The refer¬ 
ences are intended to serve two main purposes. They give the authority 
for certain statements and the source of certain data, and they afford 
an entry into the literature of many of the topics discussed in the text. 
In the latter connection, the student should be urged to acquire early in 
his course the habit of looking beyond the textbook to authoritative 
monographs and reviews and to original papers, wherein will be found 
the real stores of physiological knowledge. 

The illustrations taken from other works are separately acknowl¬ 
edged in the legends accompanying the figures. I take this opportunity 
to thank those publishers, editors, and authors who permitted the use 
of these illustrations. Most of the original drawings were made by Mr. 
Jerome C. Miller. 

Many persons have, in one way or another, aided in and contributed 

• • 
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to the preparation and completion of this work, and to these I express 
my thanks. I wish here to mention and thank the following: Dr. C. H. 
Stange, for constant support and encouragement; Dr. W. A. Hagan, for 
making it possible for me to complete the manuscript after my re¬ 
moval to Ithaca; Drs. Charles Murray, H. D. Bergman, and E. A. 
Hewitt, for many helpful suggestions and constructive criticisms and 
for reading the manuscript; Drs. G. W. McNutt and C. E. Hayden, for 
reading the manuscript; Drs. W. C. Alvarez, V. E. Nelson, N. G. Cov¬ 
ington, and J. Hammond, for reading the Parts on Digestion and Ab¬ 
sorption, Metabolism and Heat Regulation, Endocrine Organs, and 
Reproduction, respectively; Dr. L. H. Schwarte, for the photographic 
reproduction of many of the original figures; Miss Margaret Sloss, for 
the photographs from which Figs. 89, 92, 93, 94, 95, 119, 12G, and 
201 were reproduced; Dr. E. B. Forbes, for the photograph from which 
Fig. 135 was reproduced; Dr. W. T. Oglesby, for making the tracings 
from which Figs. 37. 160, 161, and 162* were reproduced; and Misses 
Mary Petty, Betty Fish, and Bessie McEown, for their faithfulness in 
making the typescripts. 

H. H. Dukes 

Ithaca, New York 

August, 1033 


1 These nnd the forrpoin^ figure numbers refer to the lithoprinted edition*. 



PREFACE TO THE SEVENTH EDITION 


B ECAUSE of the continuous research activity in practically all fields 
of physiology and because of the time which has elapsed since the 
appearance of the sixth edition, extensive revision of the book was re¬ 
quired. It is pleasant to report that it has been possible to devote most 
of the revision effort to the growth and progress of the science. The 
amount of material in the book that required attention because it had 
proved in time to be erroneous was small. 

All parts of the book have come under careful scrutiny, and many 
revisions have been made. These include a restatement, in the interest 
of greater clarity and precision, of some of the earlier topics. In several 
places the text material has been rearranged. 

Following are some of the subjects, among others, that have under¬ 
gone revision: blood and hematological data; electrical changes of the 
heart and the electrocardiogram; heart rates; ventricular fibrillation; 
effects of ions on the heart; blood pressure; respiratory patterns, cycles, 
volumes, and regulation; physiology of the equine and ruminant stom¬ 
achs; renal clearances; temperature regulation, especially in cattle; 
minerals and vitamins; certain aspects of the physiology of muscle and 
nerve; spinal cord and brain-stem, including decerebrate rigidity; and 
neurohumoral transmission. 

New features of the book are a part on “Intermediary Metabolism” 
by Dr. J. A. Dye (who contributed so much to the revision of these 
chapters in the sixth edition), a chapter on “Water, Electrolytes, and 
Acid-Base Balance” by Dr. M. R. Kare, and an appendix on “Lecture 
Demonstrations in Physiology.” Special attention is invited to these 
additions. 

Dr. Hewitt, Dr. Sumner, and Dr. Asdell continued responsibility for 
their portions of the book. The section on “Physiological Oxidations” by 
Dr. Sumner was considerably enlarged. 

The number of illustrations has been increased from 184 to 238. 
Sixty-three of the illustrations are new to the book. 

In the parts of the book for which I am responsible, references new 
to this edition have been placed at the end of the previous reference 
lists under the heading “Additional References.” The titles of the cita- 
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tions are given. I his will greatly increase the usefulness of the refer¬ 
ences. Many of the new references are cited in the text but some are 
not. Most of the earlier references have been retained but some have 
been deleted. When looking for a reference cited in the text, the reader 
may have to consult both reference lists. 

As in the previous editions, many persons have in one way or an¬ 
other aided in and contributed to the preparation of this edition. All 
these people have my warm appreciation. I wish to mention and thank 
the following: my wife, for patience and unfailing support during the 
many months of work connected with the revision, as well as for in¬ 
estimable aid in proofreading and index making; Dr. A. D. Rankin, for 
reading the manuscript and making valuable suggestions; Dr. Jesse 
Sampson, for revising the table on “Chemical Constituents of the Blood”; 
Dr. L. C. Payne, for helpful suggestions and constructive criticisms; 
Dr. L. P. Phaneuf, for the translation of several articlcs from the French; 
Dr. L. L. Nangeroni, assisted by Mr. R. W. Cook, for making the photo¬ 
graphs for a number of the figures; Mrs. Edith Smith, for typing parts 
of the manuscript; Mrs. Marjorie Cook, for typing and for assistance in 
reading the proof; numerous people in many countries, for sending re¬ 
prints; authors, editors, and publishers, for permission to reproduce 
figures; and the publishers and their staff, for courtesy and co-operation 
throughout the work of the new edition. 

The writer of a book of this kind obviously owes a great debt to the 
authors of original papers. It is again a pleasure to acknowledge the 
help derived from books, monographs, and review articles in the prep¬ 
aration of this edition. 

The revision has resulted in a considerable increase in the size of the 
book. In the main this will be an advantage to users of the book, for 
there were a number of places where some expansion was desirable. 

Notwithstanding the numerous changes incident to this edition, the 
purposes for which the book was originally written remain the same. 

H. H. Dukes 

Ithaca, New York 
March, 1955 
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PART 1 


Introductory; The Circulating 
Fluids of the Body 



Chapter l 


PHYSICOCHEMICAL BASIS OF 
PHYSIOLOGICAL PHENOMENA 

By E. A. HEWITT 

O NE of the pre-eminent duties of the physiologist is to ascertain 
to what extent the known laws of chemistry and physics can be 
called upon to aid in the explanation of vital phenomena. He draw's 
upon these sciences to obtain the necessary fundamental knowledge for 
the interpretation of the various mechanisms that operate in the living 
organism. The applications of chemistry and physics to physiology are 
thus made available to the clinician for the study and treatment of 
disease. Many of the most important advances in physiological knowl¬ 
edge have been made by the discovery of the application of some 
chemical or physical law or by the improvement and advance in the 
understanding of such a law. 

Material alterations of the living cell and transformations of energy 
are involved with every vital phenomenon. The chemical energy con¬ 
tained in the food represents the ultimate source of the energies evolved 
by the animal organism. In metabolism the changes that occur follow' 
the universal law' that neither matter nor energy is created or de¬ 
stroyed. The living organism may be considered as a system for the 
conversion of one form of energy into another. The organism is able 
to convert the chemical energy of food into other forms of energy such 
as heat, mechanical work, light, and electricity; or the food may be 
used in the production of other substances possessing potential energy. 

From the viewpoint of the physicochemist the cell consists of a 
liquid protoplasm representing colloidal material and containing vari¬ 
ous crystalloids. The periphery of the cell may be considered to be 
altered in such a w ay as to serve the purpose of an envelope, selectively 
permeable in character. The contents of the cell may be considered to 
be in equilibrium, which may be readily altered by various influences 
acting upon the cell. The resulting changes may manifest themselves 
outwardly by an alteration in the shape and volume of the cell, as in 
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movement and growth, or by an extrusion of some of its contents, as in 
secretion. There may also be a propagation, to other parts of the cell 
or its processes, of the state of disturbed equilibrium, as in the conduc¬ 
tion of nerve impulses. Besides these activities, purely chemical changes 
go on in the cell, such as the breakdown and oxidation of certain com¬ 
plex, unstable organic materials or the building up of complex sub¬ 
stances. The seat of these changes is the cell protoplasm. Foodstuffs 
must first be dissolved before they can be transported to the cells for 
assimilation. In the cell these chemical changes are capable of being 
governed to a remarkable degree so as to lead to the formation of 
products that may serve some purpose of the parent cell or that may 
be transported by the blood and influence cells in other parts of the 
body. Certain chemical changes that occur in the laboratory with diffi¬ 
culty or only under special circumstances may proceed in the cell with 
apparent case. The agents responsible for these changes in the cell are 
enzymes. Their activities are markedly influenced by changes in the 
environment in which they are acting. 

In many cases these changes can be explained in terms of known 
physicochemical laws, but in some instances the changes appear to 
depend upon influences that arc as yet unknown physicochemically, 
for example, the changes that can be produced in the cell as a result 
of a nerve impulse. 


ENERGY OF MOLECULES IN SOLUTION 

Many of the problems of physiology involve, to a greater or less 
extent, the application of the physicochemical laws that govern the 
behavior of molecules in solution. Energies with which the physiologist 
has to deal arc dependent upon the energy of molecules in motion. It 
is therefore important to study the nature of this energy and the 
methods by which it may be determined or measured. 

A solution may be defined as a homogeneous mixture that cannot be 
separated into its constituent parts by mechanical means. Since many 
properties of solutions are directly proportional to concentration and 
to absolute temperature, the constants of the gas laws can be applied to 
solutes. Therefore a study of tlie gas laws will help one to understand 
not only the nature of solutions but also the control of the reaction in 
the body fluids. The three chief gas laws are as follows: (1) A quantity 
of any gas equal to its molecular weight in grams fa gram molecule or 
mole) will occupy exactly 22.4 liters at a temperature of 0°C. and a 
pressure of 760 mm. Hg. (2) The volume of a gas is inversely pro¬ 
portional to the pressure sustained by it at a constant temperature 
fBovle’s law). f31 The volume of a gas under constant pressure varies 
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directly as the absolute temperature; that is, all gases expanded by 
1/273 part of their volume at 0°C. for every degree centrigrade that 
the temperature is raised (Charles’ law). Therefore at 273 C. the 
volume of a gas would be just double what the volume would be at 
0°C. provided the pressure remained constant. 

Filtration. This process, a very common laboratory procedure, may 
be defined as the passage of a liquid through a membrane due to a dif¬ 
ference in hydrostatic pressure on the two sides of the membrane. 

Diffusion. The molecules of substances in solution behave, within 
the limits of the solution, in a manner very similar to the free molecules 
of a gas. Thus if two miscible liquids are left in contact with each 
other, they will of themselves begin to mingle at once, and they will 
continue to do so until they form one homogeneous liquid throughout. 
For example, if a solution of copper sulfate is placed in the bottom of 
a jar and carefully covered with distilled water, so that the line of 
demarcation is well defined, and if the jar is left undisturbed, in a few 
days the blue color of the copper sulfate will have risen into the clear 
water above and the line of demarcation between the liquids will no 
longer be sharp; the two liquids will tend to become uniform in color. 
This process is called diffusion, and it resembles the related phenomenon 
in gases, although its progress in liquids is very slow. The process of 
diffusion is ascribed to a continuous movement of the dissolved mole¬ 
cules. Any solute will diffuse from a region of high concentration (high 
energy content) to a region of low concentration (lower energy con¬ 
tent). The speed at which a given solution will diffuse through the pure 
solvent depends upon the nature of the solute and of the solvent and 
upon the temperature, and is proportional to the strength of the solu¬ 
tion. Diffusion, then, may be defined as the spreading of a substance 
within another substance due to the motion of the molecules. 

Diffusion through Membranes: Osmosis. As stated above, if 
two solutions of different strengths are brought into contact, a condi¬ 
tion of separation cannot in general be maintained. A movement of the 
dissolved substances sets in from the concentrated to the dilute solu¬ 
tion and continues until they are uniformly distributed throughout 
the liquid. Since the molecules possess mass and are endowed with 
velocity, they can exert a pressure on any membrane or dividing surface 
that tends to hinder their free passage within the limits of the solvent. 
Therefore if the solution is inclosed in a vessel fitted with a manometer 
and provided with a bottom of some porous substance, such as 
parchment or animal membrane, and the whole is immersed in pure 
water, an increased pressure will be established within the vessel. The 
porous membrane allows none, or very few, of the molecules of the 
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dissolved substances to pass through, although it allows the solvent to 
enter freely. As a result the solvent crowds in through the membrane 


and creates an internal pressure, as shown by a rise of the liquid in the 
manometer. This crowding in of the solvent continues until the internal 
pressure reaches a definite value, depending upon the strength of the 
solution. After this the tendency of the molecules of the solvent to enter 
the vessel seems to be balanced by the internal pressure, and equi¬ 
librium ensues. In other words, the internal pressure become great 
enough to force water out at a rate equal to that at which it enters. 


This unequal diffusion through porous septa is called osmosis, and 
those membranes that will allow only water to pass through are termed 
semipermeable membranes. Osmosis may be defined as the passage 
of a liquid through a membrane due to differences in the concentration 
of particles on the two sides of the membrane. 

Osmotic Pressure. The pressure required to just prevent the enter¬ 
ing of the pure solvent into the solution through a strictly semiperme¬ 
able membrane is called the osmotic pressure of the substance, at the 
particular temperature and concentration. Experiment shows that the 
osmotic pressure exerted by a solute in a given volume of solvent is 
the same as the pressure that it would exert if confined as a gas to the 
same volume at the same temperature; that is, one gram molecule dis¬ 
solved in 22.4 liters would have an osmotic pressure of one atmosphere. 
Equal volumes of gases under the same conditions of temperature and 
pressure contain the same number of molecules. Thus 22.4 liters of 
hydrogen gas at a temperature of 0°C. and a pressure of 7C0 mm. Hg 
weigh 2.01G grams, the molecular weight of hydrogen; and, conversely, 
if at 0°C. 22.4 liters of hydrogen gas weigh 2.016 grams, the gas must 
be under a pressure of one atmosphere, or 760 mm. Hg. Therefore if at 
0°C. one liter of hydrogen gas weighs 2.016 grams, it must be under a 
pressure of 760 X 22.4 = 17,024 mm. Ilg, or 22.4 atmospheres. Take a 
substance such as dextrose, having a molecular weight of 180.096, or 
cane sugar, having a molecular weight of 342.176, and dissolve its 
molecular weight in grams in one liter of distilled water. This is a molar 
solution and the osmotic pressure of such a solution would be 17,024 
mm. Hg, or 22.4 atmospheres. It is impossible, however, by using a 
parchment membrane to demonstrate the full osmotic pressure exerted 
by the sugar molecules, since the parchment membrane is not imper¬ 
meable to sugar molecules. 

If one takes a sugar solution confined in a cylinder and covers it 
with a layer of distilled water, the movements of the sugar molecules 
will cause them to migrate from the layer of sugar solution to the 
water above, and this process of diffusion will cease only when the con- 
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centration has become uniform throughout. However, if one could 
imagine the sugar solution as being separated from the distilled water 
by a semipermeable membrane in the form of a piston, the solution 
would now exert a pressure on the piston similar to that exerted on the 
walls of the containing vessel and would cause the piston to move 
upward. The force which would have to be applied to the piston to pre¬ 
vent its upward movement would be the measure of the osmotic pres¬ 
sure in the solution. Since force must be applied to the piston in order to 
prevent its upward movement, work is performed in the process. If the 
piston is pushed down with a greater force, the sugar alone is concen¬ 
trated, for the piston is permeable to water, which can pass freely 
through the piston. The concentration of any solution involves the 
performance of an amount of work determined by the increase in the 
osmotic pressure of the solution. The osmotic pressure of a solution 
therefore represents a certain amount of potential energy. 

Osmotic pressure is intimately related to the translocation of fluids 

in the living cells of plant or animal tissues. 

Measurement oj Osmotic Pressure. Because of the difficulty of ob¬ 
taining a semipermeable membrane, direct measurements of osmotic 
pressure are seldom made. But it has been found that the osmotic pres¬ 
sure can be measured indirectly by various means. 

1. Changes in cell volume. Solutions that have the same osmotic 
pressure are spoken of as isosmotic or isotonic. No completely semi¬ 
permeable membrane is known, but many animal and vegetable proto¬ 
plasmic membranes, for example, the envelope of the red blood cell, 
probably approach semipermeability. The envelopes of such cells may 
be considered as closed elastic sacs. If such cells are placed in solutions, 
the sac will swell when it contains a stronger solution than that on the 
outside, and it will crenate, or shrink, when it contains a weaker solu¬ 
tion. Thus if a saline solution is added to a sample of blood and the 
corpuscles are examined under the microscope, they will be seen to 
shrink if the saline has a greater osmotic pressure or to increase in 
size if the saline has a less osmotic pressure. If no change in the cells 
occurs, the osmotic pressure of the cell contents must be equal to that 
of the saline solution in which the cells are immersed. Thus the magni¬ 
tude of the osmotic pressure of the cells can be determined if the 
strength of the saline solution is known. 

Instead of measuring the individual cells under the microscope, one 
may determine, by means of a hematocrit the space that they occupy in 
the suspending fluid, or the ratio of the volume of cells to the volume 
of fluid. Having found the volume of the cells suspended in an 
isotonic solution, such as blood cells in blood plasma, one then deter- 
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mines the volume of the same cells suspended in the unknown solution. 
If the cells occupy a greater volume, the unknown solution must have 
an osmotic pressure lower than that of the plasma in approximate pro¬ 
portion to the readings on a hematocrit in the two cases, and the 
reverse also holds. 

2. Hemolysis. Another method of determining the relative osmotic 
pressure of different solutions, provided they do not alter the per¬ 
meability of the corpuscular envelope, is to add a drop of blood to a 
series of test tubes containing solutions of different strengths and, 
after allowing the tubes to stand awhile, to observe in which of the 
tubes hemolysis of the red cells occurs. In solutions possessing an 
osmotic pressure somewhat lower than that of the blood corpuscles, the 
latter will become hemolyzed and the hemoglobin will escape into the 
supernatant fluid, which will be tinged with red. If the osmotic pressure 
is the same as, or greater than, that of the cells, they will tend to settle 
to the bottom, and the supernatant fluid will be untinged with hemo¬ 
globin. For a further discussion of hemolysis, see Chapter II. 

3. Plasmolysis. A somewhat similar means of measuring osmotic 
pressure is the plasmolytic method, in which the behavior of certain 
plant cells is observed microscopically while they are in contact with 
solutions of different strengths. In this method the plant tissue is sec¬ 
tioned so as to be only a few cells in thickness, and these sections are 
then placed in a graded series of solutions. When the surrounding 
solution is isotonic with the cell contents, the latter fill the cell; but 
when the solution is hypertonic, the cell contents become detached 
from the cell wall at one or more places. This method can be used only 
for detecting solutions that are hypertonic, for with those that are 
hypotonic the cells merely become more turgid and exert more pressure 
on the cell wall. 

4. The freezing-point method. Equal volumes of gases under the 
same conditions of temperature and pressure have the same number 
of molecules, which means that every molecule must exert the same 
amount of pressure. Therefore equimolecular solutions of nonelectro- 
lvtes, the solutes of which do not appear in the gaseous phase, have 
the same osmotic pressure. Since the osmotic pressure of a solution 
depends upon the number of particles it contains per unit of space, any 
method that will determine the molecular concentration will also de¬ 
termine the osmotic pressure. Lowering of the freezing point varies 
with the number of particles in solution. A molar solution of a non¬ 
volatile, nonelectrolytic substance in water lowers the freezing point 
about 1.86°C., which is known as the freezing-point constant. (The 
lowering of the freezing point in degrees C. is expressed usually by the 
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symbol A.) Therefore any solution of a nonelectrolyte that lowers the 
freezing point 1.86°C. must have an osmotic pressure of 22.4 atmos¬ 
pheres. The depression of the freezing point may be readily deter¬ 
mined by suitable apparatus. 

Osmotic Pressure of Electrolytes. The molecular weight of sodium 
chloride is 58.457, that of glucose 180.096. One might expect that a 
0.58 per cent solution of sodium chloride would be isotonic or isosmotic 
with a 1.8 per cent solution of glucose^Actually it is isotonic with a 
glucose solution of about 3.7 per cent. This increase in the theoretical 
value of the osmotic pressure as determined from the molecular weight 
is due to the fact that salt solutions, as well as solutions of acids and 
bases, are electrolytes, that is, they conduct electricity. Pure water is 
a poor conductor of electricity, and its conducting power is very little 
altered by the addition of sugar; but the smallest trace of salt, acid, 
or alkali added to distilled water improves its conducting power. The 
conducting power of electrolytes depends upon the fact that their mole¬ 
cules, in the act of solution in water and certain other liquids, undergo 
dissociation, or ionization, which increases with the dilution of the 
solution. Each ion acts as a molecule in its effect upon osmotic pressure. 
To get complete ionization of a salt it must be in very dilute solution. 
Therefore a very dilute solution of sodium chloride would have an 
osmotic pressure practically double that of an equimolecular solution 
of sugar. However, in a molar solution of sodium chloride the salt 
would not completely ionize, so that such a solution would not depress 
the freezing point quite 2 X 1.86 degrees but approximately 1.9 X 1.86, 
or about 3.5°C. 

If an unknown aqueous solution is found to have a freezing point 
that is A degrees C. lower than that of water, its osmotic pressure will 

A X 22.4 X 760 
equal-mm. Hg. 

1.86 

The freezing point of mammalian blood is close to —0.56°C., 
although slight variations within and between the different species have 
been recorded. The amount of a nonelectrolyte that must be dissolved 
in water in order to make a solution isotonic with blood can readily 
be calculated by dividing the freezing point of blood by the freezing- 
point constant and multiplying the quotient by the molecular weight 
in grams of the substance, which would give the amount of the 
substance contained in each liter of solution. For example, to make a 

. . 0.56 

solution of dextrose isotonic with blood one uses-X 180.096 = 54 2 

1.86 

grams of dextrose per liter of solution, which makes a 5.4 per cent 
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solution. However, with an electrolyte such as sodium chloride, assum- 

mg complete dissociation, one uses -X -= 8.796 grams of 

1.86 2 

NaCl, which makes an 0.88 per cent solution. 

1 he following conclusions concerning osmotic pressure are stated 

by Ostwald (Reed and Guthe) as reasonably well determined for dilute 
solutions: 

(a) The osmotic pressure depends upon the nature of the substance. 

(b) The osmotic pressure is proportional to the concentration of the solution, 

or inversely proportional to the volume in which a definite mass of the dissolved 
substance is contained. 

(c) The pressure for a given concentration is proportional to the absolute 
temperature. 

(d) Quantities of dissolved substances not electrolytes which are in ratio of 
their molecular weights exert equal pressures at equal temperatures. 

(e) The pressure is independent of the nature of the membrane provided the 
membrane be impervious to the dissolved substance. 

In physiology the osmotic pressures exerted by various solutions 
are usually compared to that of blood plasma. A solution that has the 
same osmotic pressure as blood plasma is said to be isotonic, one that 
has an osmotic pressure less than that of blood plasma is said to be 
hypotonic, and one that has an osmotic pressure greater than that of 
blood plasma is said to be hypertonic. 

Dialysis. The nature of the membrane is an important factor in 
respect to the transference of water or dissolved substances across it. 
In a consideration of the part that the membrane plays in osmosis, 
the membrane may be regarded as composed of pores of such a size 
that they permit only the smallest molecules (those of water) to pass 
through them. Such membranes are called semipermeable membranes. 
Membranes that are actually semipermeable are not known to exist. 
However, there do exist membranes which permit water molecules and 
molecules of simple chemical substances (crystalloids) to pass through, 
but hold back those composed of large, complex molecules (colloids). 
Such a permeable membrane would allow the saline constituents, but 
not the proteins, of blood serum to pass through it. Dialysis is the pas¬ 
sage of a dissolved crystalloid through a membrane and is of considera¬ 
ble importance in the separation of crystalloids from colloids in solution 
because of their unequal diffusion through certain natural or artificial 
membranes. 

REACTION OF A SOLUTION 

In considering the subject of acidity, it is important to recognize 
that the term acidity may have two meanings: one signifies the amount 
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of acid, that is, the total or titratable acidity, and the other signifies 
the intensity or strength of acid, or the hydrogen ion concentration. It 
is the concentration of hydrogen ions, that is, the degree to which an 
acid is dissociated, that determines the difference between a strong 
and a weak acid. 

The total acidity or alkalinity of a solution (the “total reaction”) 
expresses the total acid or base present, while the effective acidity or 
alkalinity (the “actual reaction”) refers to the acid or base present 
as ions. The concentration of the hydrogen ions in a solution is a 
measure of the dissociated acid and therefore of the effective acidity, 
and likewise the concentration of hydroxyl ions is a measure of the 
effective alkalinity. 

The total acidity or alkalinity of a solution may be determined by 
titration, which is the usual method. However, the effective acidity or 
alkalinity cannot be determined by titration, so that other methods 
have been elaborated for making such measurements, outstanding 
among which are the electrical and colorimetric methods. 

Pure distilled water dissociates to a slight extent so that some of 
the water molecules (HOH) form oppositely charged hydrogen and 
hydroxyl ions, according to the reaction HOH H* -f- OH - . It has 
been calculated that water, purified to the highest extent possible, con¬ 
tains, at 22°C., 10- 7 (that is, 1/10,000,000) gram-mole each of hydrogen 
ions and hydroxyl ions per liter, or equivalent to one gram of hydrogen 
ions and 17 grams of hydroxyl ions in 10* 7 or 10,000,000 liters. A normal 
solution of an acid is one containing one gram-mole of replaceable or 
ionizable hydrogen per liter, and a normal solution of an alkali is one 
containing one gram-mole of replaceable or ionizable hydroxyl groups 
per liter. Pure distilled water is therefore a 1/10,000,000 or 10~ 7 normal 
solution of hydrogen ions and also a 1/10,000,000 or 10* 7 normal 
solution of hydroxyl ions. The hydrogen ions and the hydroxyl ions 
just balance each other, as the water is neutral at 22°C. According to 
the law of mass action, at equilibrium the process is such that the dis¬ 
sociation of the water molecules into ions is balanced by the recombina¬ 
tion of the ions. The rate of dissociation into ions is proportional to 
the concentration of undissociated water in a given volume, while the 
rate of recombination is proportional to the product of the concentra¬ 
tions of hydrogen and hydroxyl ions present. This product is constant 
for any given temperature and amounts at 22°C. to 10* 14 (that is, 
1/100,000,000,000,000). Thus the more hydrogen (H + ) ions that are 
present in a solution, the fewer will be the hydroxyl (OH - ) ions; and 
the change in ionic concentration will occur very rapidly since it is the 
product of the two and not the sum of the two that remains constant. 
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No matter how much the concentration of one ion is increased, the 
solution must still contain some of the other ion. Thus as the concen¬ 
tration of hydrogen ions increases, the concentration of hydroxyl ions 
must decrease in such proportion that the two multiplied together equal 
1 X 10 14 . The hydrogen ion concentration can thus be used to express 
the reaction of neutral, acid, and alkaline solutions. 

The fact that distilled water conducts an electric current only to 
a small degree shows that a very small portion of the water is dis¬ 
sociated into II and OH ions. By the law of mass action 

Cone, of II ions X cone, of OH ions 
- 7 - 7 -= constant. 

Cone, of undissociated H 2 0 

Since the number of undissociated water molecules is extremely large, 
relatively, it can be taken as a constant, and the above equation there¬ 
fore becomes 


Concentration of II ions X concentration of OII ions = constant. 


By electrical conductivity measurements, this constant has been found 
to be 10 11 at 22 J C. Since in pure distilled water at 22°C. the number 
of II ions equals the number of OH ions, each must have a concentra¬ 
tion of 10 7 gram-mole per liter. 

If these concentrations are expressed in terms of negative powers 
of 10 (for example, 1.0 n = 10°, 1/10 n = 10 ', 1/100 n = 10 2 , 1/1000 
n = 10 3 , 1/10.000 n = 10 *, etc.), the algebraic sum of the exponents 
of 10 for the concentration of the positive H ions (Cn 4 ) and the concen¬ 
tration of the negative OH ions (Con") respectively will remain —14. 
This follows from the fact that a multiplication of the type (a~*) (n v ) 
is accomplished by adding the exponents; in this example the product is 
a (- z) ♦ or For fi,j s special case under consideration — {x+y) 

remains equal to —14 at 22°C. 

This method of expressing hydrogen ion concentration is very in¬ 
convenient and cumbersome. Sprenscn has suggested the use of the sym¬ 
bol pH, the pH values being the logarithm of the reciprocal of the 
hydrogen ion concentration. Thus 


pH = log 



In this equation [H*l is substituted for Cn 4 . Just as an acid solution 
is said to be normal when it contains one gram-mole of replaceable and 
ionizable hydrogen per liter, so a solution is said to be normal with 
respect to hydrogen ions when it contains one gram-mole of ionized 
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hydrogen per liter. Since [H + ] is the normality of hydrogen ions in 
solution, the pH value can also be defined as the logarithm of the 
reciprocal expressing the normality of hydrogen ions, as n/10, n/100, 
n/1000, etc., or 

pH = —log [H + ]. 

The negative sign is omitted for convenience. This method of express¬ 
ing hydrogen ion concentration has now been generally adopted. These 
considerations show that the product of the concentration of the hy¬ 
drogen ions and hydroxyl ions must always be a constant and that, 
whatever the concentration of hydrogen ions, there are always some 
hydroxyl ions present, as in pure distilled water, which has a pH of 
7 and is neutral. It contains 10 7 gram-mole of hydrogen ions and 
the same amount of hydroxyl ions per liter. A solution having a pH 
of 6 would have 10~ 6 gram-mole of hydrogen ions and 10 8 gram- 
mole of hydroxyl ions per liter, and similarly a solution having a pH 
of 8 would have 10 8 gram-mole of hydrogen ions and 10 0 gram-mole 
of hydroxyl ions per liter, etc. It is seen therefore that pH values above 
7 are alkaline and pH values below 7 are acid. The pH value is an 
accurate and definite measure of effective acidity or alkalinity. 

The derivation of pH values and the meaning of hydrogen ion con¬ 
centration might be made more understandable by considering a 0.1 n 
solution of hydrochloric acid, which is one that contains 3.65 grams 
of hydrogen chloride or 0.1 gram-mole of replaceable hydrogen per 
liter of solution. Measurements by means of electrical conductivity 
show that this is not completely ionized, only 91.4 per cent of the 
HC1 being dissociated. Thus 91.4 molecules out of every 100 do not 
exist as molecules but are dissociated into H + ions and Cl* ions. The 
remaining 8.6 molecules exist in the un-ionized state. If the HC1 was 
completely ionized, the tenth normal solution would contain 0.1 
gram-mole of H ions per liter. Since, however, only 91.4 per cent is 
ionized, it contains 0.1 X 91.4/100 = 0.0914 gram-mole of hydrogen 
ions per liter. The pH value of an acid is defined as the logarithm of 
the reciprocal of the number of gram-moles of hydrogen ions per liter. 
Therefore the pH of a n/10 solution of HC1 in which 91.4 per cent 
of the HC1 is dissociated is the logarithm of 1/0.0914, or the logarithm 
of 10.94, which is 1.04. Many are confused by the reciprocal. A higher 
pH value indicates a lower hydrogen ion concentration. 

A n/10 solution of acetic acid also contains 0.1 gram-mole of 
ionizable H. But measurements by electrical conductivity show that at 
18°C. the n/10 acetic acid dissociates only to the extent of 1.36 per 
cent. Hence the hydrogen ion concentration is 0.1 X 1.36/100 = 
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0.00136 grain per liter. The reciprocal of 0.00136 gram-mole per liter 
is equivalent to a n/735 solution of hydrogen ions. The pH of n/10 
acetic acid is therefore the log of 735, which is 2.86. Thus the hydrogen 
ion concentration of n/10 HC1 is almost 70 times as great as that of 
n/10 acetic acid, although equal quantities of either would require the 
same amount of alkali for neutralization. 


DONNAN’S THEORY OF MEMBRANE EQUILIBRIUM 

A very helpful theory in throwing light upon the mechanism of 
absorption and the passage of ions through membranes in general has 
been advanced by the British physicist Donnan. When a saline solu¬ 
tion contained in a dialyzing sac is suspended in a beaker of distilled 
water, the simple laws of diffusion suffice to explain the final equal 
concentrations of salt reached on both sides of this permeable mem¬ 
brane. Suppose that this membrane is impermeable to the anion R of 
a salt NaR in solution on one side of the membrane, but permeable to 
all other ions and salts involved. On the assumption that there are equal 
volumes on the two sides of the membrane and complete dissociation 
and that there is at the beginning of an experiment NaR on one side 
of the membrane and NaOl on the other, as in the diagram, 


( 1 ) 

Nri* 

R- 

Mcrnhrnno 


( 2 ) 

Nn* 
Cl- 


NaCl will diffuse from 
this point the ions will 
gram: 


(2) to (1) until equilibrium is established. At 
be distributed as shown in the following dia- 


(1) 

Na + 

R 

ci- 


Mem 


brnne 


( 2 ) 

Nn* 

ci- 


At this equilibrium point, according to the principles of thermodynam¬ 
ics, the product of the concentrations of the diffusible Na* and Cl" ions 
on one side is the same as the product of the concentrations of the 
same ions on the other side of the membrane, that is, 

[Na + ], [Cl"], = [Na-1, [Cl"] a . 

At the equilibrium point the concentration of the positive ions Na 4 
in (1) must be equal to the sum of the concentrations of the negative 
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ions present (R- + Cl ) in order to maintain electrical neutrality, while 
on the other side of the membrane the concentration of Na + ions is only 
equal to that of the negative ions Cl - , hrom this it can be seen that in 
order for the products of the concentrations of Na + and Cl to be equal 
on both sides of the membrane, the concentration of sodium ions in (1) 
must be greater than in (2), and the reverse must be true loi the 

chloride ions. That is, 

[Na + ]i > [Na + ] 2 and [Cl - ]» < [Cl - ] 2 . 

Thus it is possible to account for the existence of different concentia- 
tions of diffusible ions on the two sides of a semipermeable membiane, 
the essential condition being the existence of a nondiffusible ion on 
one side of a membrane which is permeable to the other ions. 1 his 
difference in concentration of diffusible ions leads to a difference of 
potential (electrical pressure measured in volts) and may account for 

certain electrical phenomena of living matter. 

Since many of the compounds of the body are of the form NaR, for 
example, sodium protcinate, and since the living tissues possess mem¬ 
branes impermeable to colloids, Donnan’s theory of membrane equili¬ 
bria must have wide application in physiology. 


COLLOIDAL STATE OF MATTER 

Many reactions of biological systems are dependent upon the col¬ 
loidal phenomena acting in such systems. Certain materials are often 
referred to as being colloids. Such a statement is not strictly correct, 
as colloidal phenomena deal with a state of matter rather than a kind 
of matter. Any material may be brought into the colloidal state; con¬ 
sequently there is no sharp line of demarcation between substances that 
are generally regarded as colloids and substances regarded as crystal¬ 
loids. The earliest contributions in the field of colloid chemistry were 
the result of the activities of Thomas Graham, about 1861. He first 
used the term colloid, which is derived from the Greek word meaning 
glue. Small molecules have a tendency to crystallize, whereas large 
molecules crystallize with difficulty; hence Graham divided all matter 
into crystalloids and colloids. The molecules of crystalloids are small 
enough to pass through animal membranes, whereas colloidal molecules 
are not. The separation of crystalloids from colloids in solution by 
reason of their unequal diffusion through certain natural or artificial 
membranes is termed dialysis. 

Gortner states that “colloidal systems result whenever one material 
is divided into a second with a degree of subdivision either (a) coarser 
than molecular or (b) where the micelles exceed 1 to 1.5 mix in diam- 
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cter.” A graphic representation of the field of colloidal chemistry is 
shown in the following diagram: 

M olecule s and Ions Colloids Matter in Mass 

Not visible with aid of Visible with aid of ultra 
ultramicroscope microscope 

0.1 rnp-1 inp 10 mp-200 nip 1 fi -i mm 


Visible with aid of mi¬ 
croscope 


\ »nous classifications arc used for colloidal systems, but for a study 
of this kind the colloidal systems may be divided into two great groups, 
suspensoids and emulsoids. 


Suspensoids, in a general way, may be considered as solids sus¬ 
pended in liquids. They are characterized by the fact that they exhibit 
lyndalls phenomenon, which is the reflection by the suspended 
particles ot rays of light in passing through a medium. Suspensoids are 
sometimes referred to as lyophobic colloids. 


hmuls(rids may be considered as being minute droplets which are 
suspended in other fluids, that is, one fluid phase dispersed and dis- 
tiibuted in another fluid phase. An emulsion in its simplest form may 
be defined as a mixture of two mutually insoluble liquids and may be 
of two different types, depending upon which liquid forms the dispersed 
phase and which forms the dispersion medium, such as systems of oil 
dispersed in water (milk) or as systems of water dispersed in oil (but¬ 
ter). Emulsoids are generally referred to as lyophilic colloids. 

Liquid colloidal systems are spoken of as sols. A sol may be con¬ 
sidered as a colloidal system which to the eye appears as a solution. It 
is a fluid and appears to be homogeneous but differs from a solution in 


that the particles suspended in the liquid are of colloidal dimensions. 

More or less rigid collodial systems arc spoken of as gels. A gel may 
be considered as a colloidal system possessing more or less the prop¬ 
erties of a solid. 


Imbibition. Certain colloids exhibit the phenomenon of imbibition. 
This is the taking up of a fluid by a solid. Considerable pressure is 
stored in the colloid as a result of imbibition, and this is designated as 
imbibition pressure. It is impossible to draw a sharp line of distinction 
between imbibition pressure and osmotic pressure. 

Adsorption. A specific property of many surfaces is the ability to 
hold other substances on them. This property is called adsorption. Be¬ 
cause of their large surfaces, colloid substances manifest this property 
to an unusual degree, and it is one of the most interesting as well as 
most practical properties of colloids. Because of this property colloidal 
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materials are able to perform many reactions that do not conform to 
the principles of thermodynamics. \\ hen dealing with the interface be¬ 
tween liquid and gas, between liquid and liquid, between liquid and 
solid, or between gas and solid, one finds a concentration of solute, or 
dissolved substance, at the interface. This concentration at the inter¬ 
face is equivalent to a deposition ol the dissolved substance on the 
other substance with which the solution comes in contact. Adsorption 
may be defined as an increase in concentration or condensation of dis¬ 
solved substances between the two phases. 


Surface Tension. The adsorption property possessed by colloids 
depends upon another physical phenomenon, namely, that of surface 
tension. The creation of the force of surface tension is due to the fact 
that, whereas the molecules within a liquid are subjected to equal forces 
of attraction on all sides, at the surface these forces act on only one 
side of the molecules and therefore tend to pull them inward. This 
causes the surface to pull itself together to occupy the least possible 

area. The surface is always in a state of tension. It is this force that 
constitutes surface tension. 


The surface tension of a liquid is altered by dissolved substances. 
Inorganic salts cause a slight rise of surface tension in a solution in 
contact with air. Most organic substances cause a diminution of surface 
tension. Dissolved substances that lower surface tension tend to con- 
centiate at the surface because of the fact that the free energy of the 

lessened. Many surfaces are the seat of electrical 

charges. 



Chapter II 


BLOOD 


B LOOD fulfills a number of functions, most of which are included in 
the following summary: (1) It carries nutrient substances from 
the alimentary canal to the tissues. (2) It transports oxygen from the 
lungs to the tissues. (3) It removes the waste products of metabolism 
from the tissues to the organs of excretion. (4) It transports the secre¬ 
tions of the endocrine glands. (5) It aids in the equalization of the 
water content of the body. (6) Because of its high specific heat it is 
an important aid in equalizing body temperature. (7) It is concerned 
in the regulation of the hydrogen ion concentration in the organism. 
(8) It assists in the body defenses against microorganisms. 

For proper functioning the cells of the body, particularly the highly 
specialized ones, require a remarkably constant environment. This is 
spoken of as the internal environment, or fluid matrix, of the organism. 
It is the same as the extracellular fluid of the body and is comprised 
of the interstitial fluid and the blood plasma. Evidently many of 
the functions of the blood are directed toward the maintenance of the 
constancy of the internal environment, of which the blood plasma is 
a part. This maintenance is spoken of as homeostasis. 

It is not now our purpose to discuss in detail these functions of the 
blood, knowledge of which will gradually accumulate as the study of 
the systems and organs progresses. At the present time the study of the 
blood will be more restricted and will deal mainly with its physico¬ 
chemical properties, cellular elements, composition, formation, and de¬ 
struction. 

BLOOD CELLS, PLASMA, AND SERUM 

^Blood is composed of a fluid part termed plasma and corpuscles 
or cells which float in the plasma.) Three classes of blood cells are 
recognized: erythrocytes or red cells, leukocytes or white cells, and 
thrombocytes or platelets. The red color of blood is due to the eryth¬ 
rocytes and not to the plasma, for the latter is yellow to colorless, 
depending on the quantity examined and the species. In any animal, 
plasma is colorless when examined in thin layers. In some species it is 
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colorless or only slightly yellow even when seen in large quantities; this 
applies to the cat, dog, sheep, and goat. In the cow and especially in 
the horse the plasma has a higher color. 

The yellow color of plasma is due chiefly to bilirubin, although 
carotene and other pigments are contributing factors. Ramsay (1940) 
determined the bilirubin concentration in the blood plasma obtained 
from a large number of horses. The mean concentration was 1.57 mg. 
per 100 ml. of plasma. The standard deviation was 0.80 mg. per 100 ml. 
Fasting caused an increase in the level of the plasma bilirubin, which 
fell again when the horses were fed. The rather large concentration of 
bilirubin in horse plasma accounts for its high color. 

The icterus index is a measure of the yellow color in blood plasma. 
The index is determined by comparing the color of plasma with that 
of standard solutions of potassium dichromate. Since the yellow color 
of plasma is due chiefly to bilirubin, the icterus index is generally a 
measure of the concentration of this pigment in plasma. However, in 
horses and cattle, in which species the color of the plasma is influenced 
by other pigments, the test may be of limited value. 

Coagulation is a characteristic process that occurs in shed blood 
fp. 52). Following coagulation, the blood clot usually shrinks, thereby 
squeezing out a clear, watery liquid termed serum. This substance 
may be defined as the fluid part of blood after clotting has occurred, 
whereas plasma is the fluid part before clotting has occurred. 


RELATIVE VOLUMES OF BLOOD CELLS 
AND PLASMA: HEMATOCRIT 


The volume of blood cells is generally less than that of plasma. A 
determination of this relationship is readily made by means of the 
hematocrit, a small, graduated centrifuge tube in which is placed a 
sample of blood to which an anticoagulant has been added. It is com¬ 
mon practice to allow the hematocrit to stand vertically for an hour, 
at the end of which time the sedimentation rate (p. 20) is determined. 


Then the hematocrit tube is centrifuged at 3000 r.p.m. for 30 minutes, 
after which the volume of packed red cells is read from the scale. A 
layer of packed leukocytes occurs just above the erythrocytes. The 
volume of packed red cells, or hematocrit reading, is normally directly 
related to the erythrocyte count and hemoglobin content. 

Following are blood hematocrit values 1 (ml. of red cells per 100 ml. 
of blood) for animals and man: horse, 33.4; horse, Thoroughbred, 42; 

r.l.i.. in tllnod, Errelt'c. , Ph,,„" pM. W 'n st' 7 ,r " m 
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variation and citation, to the literature. information. Including ranges of 
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row, 40; sheep, 32; goat, 34; pig, 41,5; clog, 45.5; cat, 40; rabbit, 41.5; 
chicken, 32; man, 44.5. 

SPECIFIC GRAVITY AND SEDIMENTATION OF BLOOD 

The specific gravity (with the range of variation) of whole blood 
of several species of domestic animals is as follows (Albritton): horse, 
1.053 (1.046-1.059) ; cattle, 1.052 (1.046-1.058); sheep, 1.051 (1.041- 
1.061); pig, 1.046 (1.039-1.054); dog, 1.052; cat, 1.051 (1.045-1.057). 
The specific gravity of the corpuscles, especially the erythrocytes, is 
greater than that of the plasma. Thus in cattle and sheep the eryth¬ 
rocytes have a specific gravity of 1.084 and the plasma 1.029; and in 
rabbits, 1.098 and 1.025. 

Because of the higher specific gravities of the cellular elements, the 
corpuscles of a sample of blood in which coagulation has been pre¬ 
vented will tend to settle out. The rod cells gravitate to the bottom, 
the white cells occupy a thin intermediate zone, and the plasma rises 
to the top. However, the sedimentation rate of blood varies greatly 
among the different species. Erythrocytes of horse blood settle quickly, 
whereas those of ruminants settle very slowly. The suspension stability 
of horse blood is therefore slight, whereas that of the blood of rumi¬ 
nants is great. The sedimentation rate is measured, in standard tubes, 
by the distance in millimeters through which the uppermost layer of 
erythrocytes passes in a certain time. Tentative normal sedimentation 
rates for several animals are given as follows (Coffin, 1953): horse— 
at the end of 10 minutes, 2 to 12 mm.; at the end of 20 minutes, 15 
to 38 mm.; dog—30 minutes, 1 to 6 mm.; 60 minutes, 5 to 25 mm.; 
pig—30 minutes, 0 to 6 mm.; 60 minutes, 1 to 14 mm. In ruminants 
there is usually little or no settling in one hour. In cattle Ferguson 
(1937) found a mean rate of 2.4 mm. in 7 hours. He considered a value 
over 4 mm. as indicative of a pathological condition. An analysis of 
variance of sedimentation rates and packed cell volumes is given. 

Nichols has devised an automatic photographic instrument for 
recording the rate of sedimentation and has worked out a satisfactory 
technic for horse blood. His publications include an extensive survey 
of the literature on sedimentation of erythrocytes. 

Fahraeus, who has made a detailed study of suspension stability, 
found that changes in the viscosity of the plasma, the specific gravities 
of the corpuscles or plasma, or the size of the corpuscles have prac¬ 
tically nothing to do with the sedimentation rate. The only factor of 
importance is the degree of agglutination of the erythrocytes (and 
hence the size of the sedimenting particles), and it is certain that the 
plasma proteins markedly influence this factor. According to some 
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workers it is an increase in the fibrinogen content of plasma that 
hastens agglutination and settling, while according to others it is an 
increase in the globulin. Apparently the increase in fibrinogen is more 
important (Nichols, 1942a). 

It has been suggested that variations in the concentration of the 
blood proteins affect the sedimentation rate by variations in the col¬ 
loidal state of the plasma and therefore in the electric charges on the 
proteins and red cells (Ropes, Rossmeisl, and Bauer). 

Horse erythrocytes will sediment rapidly even in ox and sheep 
plasma, and ox and sheep erythrocytes will sediment slowly in horse 
plasma (Fegler). These findings indicate that the plasma is not the only 
factor determining the rapid sedimentation of horse erythrocytes. The 
significance in equine physiology of the rapid sedimentation of horse 
erythrocytes in vitro is unknown. More information is needed as to the 
behavior of horse erythrocytes in the blood vessels. 

Changes in sedimentation rate are nonspecific reactions, not indica¬ 
tive of any particular pathological condition. Usually the rate is in¬ 
creased in acute general infections, in the presence of malignant tumors, 
and in inflammatory conditions. In pregnancy the rate is increased. 

Intravascular agglutination of erythrocytes and the problem of 
sludged blood are considered in a recent review by Lutz. 


REACTION OF BLOOD 

By the reaction of blood one usually means the reaction of blood 
plasma when examined under conditions which prevent loss of its gases, 
particularly carbon dioxide. The reaction under these conditions is 
just on the alkaline side of neutrality. To use the nomenclature dis¬ 
cussed in Chapter I, its average reaction is about pH 7.4. Numerous 
observations by many investigators show that this reaction fluctuates 
only within narrow limits. For the blood of man, Myers reports a nor¬ 
mal range of pH 7.35 to 7.43; for the blood of the horse, Brey reports 
a somewhat wider range of pH 7.20 to 7.55; for the blood of the cow, 
a range of pH 7.35 to 7.50 has been recorded (Krapf). Berg, Mayne, 
and Petersen studied variations of blood pH in men and dogs over a 
period of a year. In man the weekly averages varied from pH 7.28 to 
7.68; in dogs, pH 7.32 to 7.68. There was a positive correlation between 
pH and barometric pressure. That the blood of fowls is similar to the 
blood of mammals with respect to its reaction is indicated by the ob¬ 
servations of Johnson and Bell. These workers found the average pH 
of the blood of normal fowls to be 7.56. Arterial blood is slightly 
more alkaline than venous blood. The plasma is more alkaline than 
the corpuscles. 
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The extreme limits of pH range compatible with life are approxi¬ 
mately 7 and 7.8. 

It is well known that a large amount of acid or a good deal of 
alkali may be added to the blood, in vitro or in vivo, without any con¬ 
siderable change in reaction. Some of the acids that are added to the 
blood as a result of normal metabolism are carbonic, lactic, pyruvic, 
phosphoric, sulfuric, and uric. The question now arises: How can 
blood, a nearly neutral liquid, maintain such a constancy of reaction 
notwithstanding this acid metabolism which is continually going on? 
This property of blood is due primarily to its own composition and 
secondarily to the co-operation of the respiratory and renal mecha¬ 
nisms. These actions are considered in Chapter XIX. In addition, the 
respiratory regulation of reaction in the organism is discussed in the 
chapters on respiration and the renal regulation of acid-base balance 
in Chapter XX. 

Alkali Reserve. Because the bicarbonate of the blood and tissue 
fluids is so important in the regulation of their reaction and because the 
bicarbonate content of the blood reflects so faithfully the reserve of 
available alkali in the body, the latter bicarbonate content has been 
designated as the alkali reserve. It is conventionally expressed as the 
volume per cent of carbon dioxide that can be obtained from a sample 
of plasma following its saturation with air containing the same per¬ 
centage of carbon dioxide as that found in the alveoli of the lungs. 
The resulting value (volume per cent) represents, therefore, the carbon 
dioxide capacity of the plasma. 

The average carbon dioxide capacity of the blood plasma of several 
species of animals is as follows: 1 mature cows, 62 volumes per cent; 
calves, 73; sheep, 56; horse, 64. The range of the carbon dioxide ca¬ 
pacity of the blood plasma of the horse is 55 to 75 volumes per cent; 
similar values were found for the cow (Krapf). In man the normal 
range of the carbon dioxide capacity of blood plasma is 55 to 75 
volumes per cent. The carbon dioxide capacity of the plasma of birds 
is of the same order as in mammals. 

Acidosis and Alkalosis. An abnormal reduction of the alkali re¬ 
serve of the blood is seen in the condition designated as acidosis. It can 
be produced experimentally by feeding or injecting acid and in some 
species by starvation. In a number of pathological conditions, for ex¬ 
ample, diabetes of man and the ketoses of ruminants ("acetonemia” of 
cattle, pregnancy disease of ewes), acidosis may be present, largely as 

1 Average* are based on the work of TTayden and Sampson and of many other*: data wor* 
assembled by Dr. J. Sampson. 


BLOOD 


23 


a result of the accumulation of (3-hydroxybutyric and acetoacetic acids. 
However, the work of Sykes, Duncan, and Huffman shows that ketosis 
of dairy cows is not necessarily accompanied by acidosis, as revealed 
by studies of the carbon dioxide capacity of the blood plasma. 

An abnormal increase of the alkali reserve of the blood is seen in 
the condition designated as alkalosis. It may be produced by feeding 
or injecting alkali, and it occurs in clinical conditions accompanied 
by increased acid elimination or increased alkali retention. It can be 
produced temporarily by overventilation of the lungs. 


ERYTHROCYTES 

Mammalian red cells are nonnucleated. In the blood stream they 
are believed to exist normally as biconcave circular discs. The red 
corpuscles of most animals below the mammals are elliptical in shape 
and possess nuclei. When placed in a very weak salt solution, erythro¬ 
cytes lose their biconcave shape, tending to become spherical; when 
placed in a strong salt solution, they become shrunken and erenated. 

Structure. The state of knowledge of the minute structure of the 
erythrocyte is still unsettled. Some regard the corpuscle as consisting 
of a spongelike stroma with hemoglobin deposited in its interstices. 
Others believe that the corpuscle is of the nature of a vesicle, whose 
membrane surrounds a mass of contents in a fluid condition. Still others 
adopt a somewhat intermediate view: the erythrocyte is believed to be 
a balloon containing an elastic stroma and hemoglobin and surrounded 
by a lipid-protein condensation which serves as a membrane. (For 
further details textbooks of histology or hematology may be con¬ 
sulted.) Erythrocytes are soft and easily compressible. They can there¬ 
fore be readily forced through capillaries whose diameter is smaller 
than that of the erythrocyte. However, this may result in trauma to 
the red cells. 

Size. The average diameter of erythrocytes in domestic animals 
and man is as follows tPacchtner): 


Horse 

Mule and ass 
Ox 

Sheep 

Coat 


microns 


microns 

5.0 

Pig 

6 2 

5.3 

Dog 

7 3 

6.6 

Cat 

6 5 

5.0 

Man 

7.5 

4.1 



Hubacek has reported on the size of erythrocytes of domestic ani¬ 
mals, including the ranges of variation. 

Number. In enumerations of blood corpuscles the number is deter- 
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mined per cubic millimeter of blood. The following figures illustrate 
average erythrocyte numbers in the blood of domestic animals accord¬ 
ing to the work of several authors: 

millions millions 

■per cu.mm. per cu.mm. 


Horse 


6.9 

Cat 

72 

Cow 


6.3 

Rabbit 

5.9 

Sheep 

(lambs) 

10.1 

Cock 

32 

Sheep 

(over 1 yr. old) 

8.1 

Hen 

2S 

Goat 


13.9 

Pigeon 

4.0 

Pig 


7.4 

Man 

5.4 

Dog 


62 

Woman 

4.8 


1 hese figures reveal that the number of red cells varies greatly 
among different, species (this is known as interspecies variation). The 

number is subject also to wide variation 
within the species (this is known as intra¬ 
species or interindividual variation) and 
within the individual (intraindividual vari¬ 
ation). Among the factors responsible for 
intraspecies or intraindividual variation are 
age, sex, environment, exercise, nutritional 
status, and climate. Fig. 1 illustrates varia¬ 
tion in red cell counts in normal dogs. Fig. 
2 shows variation in red cell counts in 
Thoroughbred mares. The hematology of 
Thoroughbred horses has been extensively 
Fia. 1.—Average erythrocyte studied in recent years; Hansen and co- 
counts (millions per cubic workers have reported numerous data for 
millimeter) in the Mood 0 f stallions, mares in foal, barren marcs, and 

Maycrson, Anatomical Rec- wt ' !mlln K s - AI1 groups show higher red cell 
ord, published by the Wistar counts than are shown by cold-blooded 
Institute.) horses. 

The erythrocyte count of mules is practi¬ 
cally the same as that of horses (Morris). 

Marked variations in erythrocyte counts may occur in pathological 
conditions. For some of these, and for the methods of counting blood 
cells, consult the book by Coffin or the monograph by Holman. 

Erythrocyte Surface Area. The total surface area presented by the 
erythrocytes of the body can be estimated when the blood volume, 
erythrocyte count, diameter, and thickness are known. The results 
arc amazingly large. Table 1 gives such estimates, which are of in¬ 
terest from the standpoint of the respiratory or gas-transport function 
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of the blood. Further examination of the table shows that there are, 
in different species, 27 to 30 square meters of corpuscular surface area 
for each kilogram of body weight. The lowest figure is for the goat, the 


highest for man. 


Fig. 2.—Number of erythrocytes (millions/cu. mm.) 
in the blood of 65 Thoroughbred mares in foal. 
The average value is 10.52 million (standard 
error rt 0.102). The histogram shows the observed 
frequency distribution. The polygon shows the 
theoretical normal distribution. Other values with 
their standard errors are: hemoglobin, 14.89 ±: 0.128 
gm./lOO ml.; hematocrit, 45.10 ± 0.362 per cent; 
leukocytes, 10.01 rt 0.187 thousand/cu. mm. (From 
Hansen, Todd, Kelley, and Cawein, Kentucky 
Agricultural Experiment Station Bull. 555, 1950.) 



The figures for erythrocyte surface area become more impressive 
when they are compared with the body surface area: that of a man of 
average size is less than 2 square meters; that of a 500-kg. cow some¬ 
what less than 5 square meters. 

Composition. The erythrocyte contains, in different species, 62 to 
72 gm. of water per 100 ml. of cells. The solids of red cells are com¬ 
posed of the pigment hemoglobin and stroma. Hemoglobin makes up 
much the greater part (about 95 per cent) of the solids. Stroma is 
composed of proteins; the lipids lecithin, cholesterol, and cephalin; 
and inorganic substances. Hemoglobin gives the erythrocytes their 


Table 1. Estimated Total Erythrocyte Surface Area 


Species 

Weight 

Erythrocyte 

Surface 

Area 

Erythrocyte 
Surface Area, sq. m. 

Body Weight, kg. 


kg. 

sq. m. 


Man. 

70 


36 

Horse. 

500 


28 

Ox. 

500 


32 

Sheep. 


1 ,280 

32 

Goat. 


800 

27 

Pig. 

100 

3,000 

30 


(From Paochtncr.' 
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property of carrying oxygen and of aiding in carbon dioxide transport 
and is therefore of great physiological importance. 

Hemolysis( Hemolysis is the discharging of the hemoglobin from 
the red cells so that it becomes free in the plasma or other medium 
surrounding the cells.') The earlier physiologists termed the process 
taking, and blood so treated was said to be laked. As indicated below, 
(there are a number of ways of producing hemolysis,) but since the 
exact structure of the erythrocyte is still unknown, the mechanism of 
hemolysis is imperfectly understood.(Some of the methods have clini¬ 
cal significance, while others do not.j 
f 1. Lowering the osmotic pressure of the plasma causes hemolysis. 
This lowering may be accomplished by adding weak salt solution or 
water to the blood. What occurs in such cases is a passage of water 
into the corpuscle by osmosis through its semipermeable membrane, 
whereupon the corpuscle swells. This results in the stretching, or 
possibly mechanical rupture, of its membrane, and hemoglobin runs 
out into the surrounding medium. The transparent stroma left is spoken 
of as a shadow, or ghost, corpuscle. Solutions that cause hemolysis by 
osmosis are said to be hypotonic. Solutions into which erythrocytes 
may be placed without producing osmotic changes are said to be iso¬ 
tonic. Such solutions cause no alterations in the size of the corpuscles. 
Solutions that exert a higher osmotic pressure than blood plasma are 
said to be hypertonic. They cause water to pass from the corpuscles 
by osmosis, and shrinking of the corpuscles results. Such erythrocytes 
are said to be crenated. 

The isotonic solution which has been studied most and is of greatest 
interest is physiological salt solution, known also as physiological 
saline. It is an aqueous solution of sodium chloride and is usually pre¬ 
pared so as to contain 0.9 per cent of sodium chloride. This concentra¬ 
tion of sodium chloride in water is satisfactory for practical use in 
mammals wherever an isotonic solution of sodium chloride is required. 
However, studies by Aldred in which the vapor-pressure method was 
used indicate that the osmotic pressure of mammalian blood is some¬ 
what higher than that of a solution containing 0.9 per cent of sodium 
chloride and that interspecies differences of considerable magnitude 
exist. Table 2 gives the average values. The values for the horse, cow, 
and dog are evidently nearly the same. The value for the goat is some¬ 
what higher, and that for the sheep considerably higher, than the 
values for the other mammals. 

The osmotic pressure of the blood of birds is higher than that of the 
blood of mammals. In terms of equivalent concentrations of NaCl, the 


RLOOD 


27 


Tabi.e 2. Osmotic Pressure of Bi.ood 
(Averages in equivalent concentrations of Nat I, grams per 100 gin. H iO) 


Sheep. 0.978 Dog. 0.933 

Goat. 0.955 Man. 0.945 

Horse. 0.927 Woman. 0.927 

Cow. 0.930 


pigeon lias an osmotic pressure of 1.004 and the hen 1.025. The frog, a 
cold-blooded animal, shows a value of 0.731, but the value for the 
tortoise is higher and very variable (0.80-1.16; av., 0.957). 

While it is true that a 0.9 per cent solution of sodium chloride is 
approximately isotonic with mammalian blood plasma and that weak 
salt solutions when mixed with blood cause hemolysis, yet the extent 
to which the osmotic pressure of plasma can be lowered without caus¬ 
ing hemolysis of all, or even any, corpuscles is considerable, and it 
varies somewhat among different species. The point in terms of strength 
(per cent) of sodium chloride solution at which hemolysis just begins 
indicates the osmotic resistance of the weakest corpuscles (minimum 
resistance). The point at which complete hemolysis occurs indicates 
the resistance of the strongest corpuscles (maximum resistance). The 
test, which has some clinical application, is called the erythrocyte 
fragility test. The figures in Table 3 illustrate erythrocyte fragility 
values for animals. 

A recent study of the osmotic resistance of sheep erythrocytes by 


Tari.e 3. Erythrocyte Fragility 


Species 

Strength of NaCl Solution 
(gm. per 100 nil.) 

For Initial 
Hemolysis 

For Complete 
Hemolysis 

Horse. 

0.59 

0.39 

Ox. 

0.59 

0.42 

Sheep. 

0. GO 

0.45 

Goat. 

0.62 

0.48 

Pig. 

0.74 

0.45 

Dog. 

0.45 

0.36 

Cat. 

0.69 

0.50 

Rabbit. 

0.57 

0.45 

Chicken. 

0.40 

0.32 


(Data from Albritton.) 
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use of the electrophotometer has been made by Stone, Adams, and 
Dickson. 

It is not known that hemolysis caused by lowering the osmotic pres¬ 
sure of the plasma plays a part in the destruction of erythrocytes in 
the body under normal conditions. However, knowledge of this type 
of hemolysis is of practical importance in connection with solutions for 
intravenous injection. Nevertheless it is a fact that large amounts of 
water may be injected into the blood stream without producing any 
significant amount of hemolysis. In experiments on horses Roberts found 
that injections of over 4000 ml. of distilled water or tapwater regularly 
produced a temporary hemolysis and hemoglobinuria. No hemolysis 

horse receiving less than 2000 ml. of distilled water 
or tapwater. (\\ ater injections would produce electrolyte imbalance 
in the organism and would obviously be unsuited to clinical use.) 

2. Alternate freezing and thawing causes hemolysis, probably by 
rupturing the stroma. 

3. Stirring or agitating blood may cause hemolysis. 

4. Blood submitted to high temperatures (over 64°C.) undergoes 
hemolysis. 

5. Substances that lower surface tension (saponin, soaps, bile salts) 
produce hemolysis. They probably combine with some constituent of 
the cell membrane or otherwise alter it. Alcohol, ether, chloroform, 
and acetone, which cause hemolysis, probably act similarly. 

Hemagglutination. It has long been known that when blood serum 
or plasma of one animal is mixed with erythrocytes of an animal of 
another species, agglutination of the erythrocytes may occur. The 
process is spoken of as hemagglutination (heterohcmagglutination). 
The active substance in the scrum or plasma is designated as the agglu¬ 
tinin, whereas that in the erythrocyte is the agglutinogen. More re¬ 
cently it was discovered that agglutination of erythrocytes may occur 
when the serum or plasma and the erythrocytes of individuals of the 
same species are mixed. This reaction is known as isohemagglutination. 
It is especially important in human blood and must be taken into 
account in blood transfusions in humans. The blood of a person (donor) 
whose erythrocytes are agglutinated by the serum or plasma of a pro¬ 
spective recipient must not be transfused into that individual. Other¬ 
wise agglutination of the erythrocytes of the donor may occur in the 
blood stream of the recipient. Following agglutination, hemolysis may 
take place as a secondary effect. Agglutinins in the donor’s plasma 
are relatively harmless, for they are greatly diluted by the blood of 
the recipient. Pooled plasma or serum is safe to transfuse into indi¬ 
viduals of all blood groups partly for this same reason. Furthermore 
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there is some neutralization of agglutinins within the pool. Isohemag¬ 
glutinins are euglobulins. 

Human bloods have been divided into four main groups based upon 
the fact that human erythrocytes differ in their agglutinogen content 
and human plasmas in their agglutinin content. Agglutinogens have 
been demonstrated in the erythrocytes of practically all the common 
animals. However, hemagglutinins are naturally present only in low 
concentration, or they may be lacking. For this reason it is usually 
safe in animals to make single transfusions involving bloods of differ¬ 
ent groups. If repeated transfusions are given, however, the recipient 
may develop isohemagglutinins and isohemolysins sufficient to cause 
severe transfusion reactions. In fact, single transfusions may cause 
the development of antibodies in some instances. 

Young and co-workers have recently discussed blood groups in 
dogs, pointing out the importance of the red cell antigen known as 
canine A factor and discussing a hemolytic anemia of newborn dogs. 
Hagan and Bruner present a discussion of blood groups in animals 
and give references to the literature. 

Origin of Erythrocytes. In the fetus the liver, spleen, and lymph 
nodes are the organs concerned in blood formation. In mammals 
throughout postnatal life the bone marrow is, under normal conditions, 
the only organ of erythropoiesis, as the process of formation of red 
cells is termed (Jordan, 1942; Osgood and Seaman). In birds the 
bone marrow is the main site of erythrocyte production, but the spleen 
forms erythrocytes to a small extent. Under certain pathological condi¬ 
tions in postnatal life the liver, spleen, and lymph nodes may assume 
again their fetal function of erythropoiesis. 

Bone marrow is also the place of formation of granulocytes, it is an 
important seat of the production of thrombocytes, and it is concerned 
to a small extent in the formation of lymphocytes. The production of 
these elements of the blood will be considered later. 

In the bone marrow, erythropoiesis goes on continually, and cor¬ 
puscles are poured into the blood stream at such a rate that the total 
number in the blood does not fluctuate greatly. According to one view, 
the erythrocytes are formed extravascularly in the bone marrow. The 
entrance of the newly formed corpuscle into the capillary has been 
likened to the penetration, without rupture, of the film of a soap bubble 
by a needle; no stoma or opening is necessary. According to another 
view, erythrocytes develop intra vascularly. There are, according to 
this theory, two kinds of capillaries in bone marrow: collapsed ones, 
which are crythrogenic, and open ones through which blood flows. 
The young erythrocytes are foreed into the blood stream bv an 
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opening up of the erythrogenic capillaries to the blood current. 

The normoblast (secondary erythroblast), the bone marrow cell 
which is the immediate forerunner of the erythrocyte, is nucleated, 
whereas the mammalian erythrocyte is not. The nucleus of the latter is 
lost by extrusion, or, according to some, by absorption, before the cor¬ 
puscle enters the blood stream. In certain pathological conditions, 
however, nucleated forms may be found in the blood stream in great 
numbers. 

In the blood of normal mammals there is constantly found a small 
percentage of erythrocytes that present a reticulated appearance when 
subjected to special staining. These young forms are known as reticulo¬ 
cytes. They represent red cells that are discharged from the bone mar¬ 
row before they are fully mature. They develop into adult erythrocytes 
in the blood stream. The average amount of reticulocytes (expressed 
as a percentage of the number of erythrocytes) in the blood of differ¬ 
ent species is shown below: 


Dor 

Cat 

Rabbit, 


per cent 
0.7 
0.2 
2.2 


Guinea 

Rat 

Mouse 


I>ig 


per cent 
0.9 
2.9 
4.0 


(Data from Albritton.) 


An increase in the reticulocytes of the blood (retieulocytosis) indi¬ 
cates that erythropoiesis is increased. Retieulocytosis occurs, for ex¬ 
ample, when the bone marrow in anemia is showing a favorable 
response to treatment. 

Knowledge of the stimulus for erythropoiesis is far from complete. 
Anoxia is a potent stimulus to erythrocyte formation, and some work¬ 
ers hold that it is the ultimate stimulus. There is evidence, however, 
that other factors are concerned. It is not known whether anoxia 
produces erythropoiesis by direct action on the bone marrow or by 
causing the release of hormones or other chemical substances. A dis¬ 
cussion of the factors governing hematopoiesis and the release of 
blood cells into the blood stream is given by Wintrobc (1951). The 
fundamental stimulus for erythropoiesis is the subject of a recent re¬ 
view by Grant and Root. 

B-Vitamins and Hematopoiesis. In 1926 Minot and Murphy made 
the important observation that the feeding of liver to patients suffer¬ 
ing from pernicious anemia is an effective treatment for this disease. 
Their studies were based on the earlier work of Whipple and collabo¬ 
rators in which it was shown that liver feeding is the best treatment 
for experimental anemia in dogs. River, as well as stomach, kidney, and 
other organs, contains a substance which has been shown to possess 
great potency in stimulating erythropoiesis. Its principal action is to 
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cause maturation of the red cells and to prepare them for passage into 
the blood stream. In pernicious anemia this substance is lacking and 
red cell maturation is largely inhibited at the megaloblast stage. There 
occurs a megaloblastic hyperplasia of the bone marrow, and the mega- 
loblasts give rise to typical hyperchromic macrocytic erythrocytes, 
which pass into the blood stream in great numbers. Because the sub¬ 


stance is effective in the treatment ol pernicious anemia, it is known 
as the antipernicious anemia factor. Apparently hemoglobin forma¬ 
tion is not directly affected by an absence of this factor. 

Recent work indicates that the antipernicious anemia factor is 
identical with vitamin B, 2 (p. 683) and that this substance is also 
the long-recognized extrinsic factor occurring in foods rich in the 
B-vitamins. In pernicious anemia this vitamin is not absorbed from 
the intestine because of the lack of a substance normally secreted 
by the stomach. This substance has long been designated as the 
intrinsic factor. It is believed to be an enzyme. In some way it makes 
possible the absorption of vitamin Bi 2 from the intestine. The anti¬ 
pernicious anemia factor is stored mainly in the liver, from which 
it is transported to the bone marrow by the blood. 

Other members of the B-group of vitamins arc related to blood 
formation. This is particularly true of a derivative of pteroylglutamic 
(folic) acid known as the citrovorum factor (folinic acid). Vitamin 
B 12 and this factor are required in the metabolism of many cells, 
but the hematopoietic tissues, presumably because of their great re¬ 
generative activity, are especially dependent on these substances. In 
pernicious anemia both substances give the same favorable hemato¬ 
poietic response, but only vitamin B, 2 will arrest the degenerative 
changes in the nervous system which are commonly seen in this dis¬ 
ease. Pernicious anemia has not been demonstrated in animals. 

There is thought to be a normal interaction between vitamin B 12 
and the citrovorum factor in hematopoiesis, but the nature of the 
interrelationship is not clear. 

A deficiency of pteroylglutamic acid in animals will result in a 
macrocytic anemia. There is another B-vitamin, pvridoxine, whose 
deficiency leads to defective erythropoiesis in animals, but in this case 
a microcytic hypochromic anemia results. Degenerative changes in 
the nervous system also occur. 

The Fate of Erythrocytes; the Reticulo-Endothelial System. 
The length of life of erythrocytes is not definitely known. Different 
methods yield different results. From Isaacs’ review of the literature 
(1937) it is seen that the numerous estimates of the life of the mature 
erythrocyte vary from 4 to 120 days in different species. 
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Ha wkins and Whipple have studied the question in healthy dogs 

with biliary fistula, in which animals there was a uniform output 

of bile pigment. The animals were then made anemic by bleeding or by 

blood destruction caused by injections of acetylphenylhydrazine. 

*—-——■ ~— - » 

Thereupon the blood-forming organs filled the circulation with a great 
mass of new erythrocytes and hemoglobin, and the elimination of bile 
pigment fell to low values for many weeks. In time, however, the out¬ 
put of bile pigment rose sharply. This marked the end of life for 
the new cells added to the blood as a result of hemorrhage or blood 
destruction. The time elapsing between the entrance of the new red 
cells into the circulation and their disintegration indicates the length 
of their life cycle in the experimental dogs. The following times were 
noted: 112, 120, 126, and 133 days. The average was 124 days. Studies 
(in man and dog) in which isotopes of elements occurring in the hemo¬ 
globin molecule were used have yielded similar results. Studies of the 
life span of erythrocytes in small mammals by the use of radioiron 
and an isotope of nitrogen have given lower results. The life span of 
erythrocytes of the hen, which are nucleated cells, has been found to 
average only 28 days. 

Erythrocytes doubtless go to pieces by the hundreds of billions 
daily. The total number in the body of a horse is of the order of 
300 trillion, and if the average life of these is assumed to be 100 days, 
then 3 trillion must be destroyed (and formed) in the body every day, 
or about 35 million every second. 

The agencies of destruction of erythrocytes arc the cells of the 
reticulo-endothelial system. These cells? known also as histiocytes or 
macrophages, vary in size, shape, and location, but they possess the 
common property of ingesting particulate matter brought into relation¬ 
ship with them. Reticulo-endothelial cells include the stellate or 
KupfTer cells found in the walls of the blood sinuses of the liver, the 
similar cells of the spleen, and certain cells of the bone marrow and 
lymph nodes. According to Rous’s conception of erythrocyte destruc¬ 
tion, the red cells break up in the blood stream into smaller and 
smaller pieces still retaining their hemoglobin. When in a very fine 
state of division, these fragments are taken out by the cells of the 
reticulo-endothelial system by which the hemoglobin is doubtless split, 
into its iron-containing, pigmentary part and its protein fraction. Then 
by a process that involves the splitting off and conservation of its iron- 
containing moiety, the pigmentary part is converter! into bile pig¬ 
ment, which is an excretory product. By use of a radioactive isotope 
of iron it has been shown that iron derived from red cell destruction 
is readily and almost immediately utilized for new hemoglobin forma- 
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tion, even though ample reserves of iron are available. It has also been 
shown that when hemoglobin is destroyed the pigment radical is 
completely excreted as bile pigment whereas only 3 per cent of the 
released iron is excreted in the bile, the rest being conserved by the 
body (Hawkins and Hahn). The liver and spleen are important store¬ 
houses of the iron that is not immediately used in the production of 
new hemoglobin. For further discussion of iron metabolism, see p. 
G61. 

Another way in which red corpuscles are destroyed is through pha¬ 
gocytosis by the cells of the reticulo-endothelial system. This method, 
probably of secondary importance in health, may be of great impor¬ 
tance in disease. 

Finally, there remains the possibility that erythrocytes are de¬ 
stroyed by hemolysis in the spleen and perhaps other places. But fail¬ 
ure to find large amounts of free hemoglobin makes this view doubt¬ 
ful, at least as supplied to the normal organism. 

The relative importance of the reticulo-endothelial cells in different 
organs in the destruction of erythrocytes is not well understood. Varia¬ 
tions are known to occur among the different species. In the dog 
Mann and co-workers have shown that the main seat of bile pigment 
formation is the red bone marrow. It is reasonable to suppose, there¬ 
fore, that this is the principal place of erythrocyte destruction. In man 
the spleen is probably of great importance in the process; in the rabbit 
and guinea pig, less so; in birds the liver is the main seat (Krum- 
bhaar). In most species of animals the liver is probably an important 
seat. 

The protein portion of the hemoglobin molecule is known as globin. 
It is a histone. Its fate it not well understood. It probably enters the 
protein pool of the body and is used in the formation of new hemo¬ 
globin. 

Anemia. This term refers to a reduction below normal in the num¬ 
ber of erythrocytes or in the hemoglobin content of the blood, or both. 
Anemia may be caused by (1) blood loss from whatever cause, (2) in¬ 
creased blood destruction, and (3) decreased blood formation. Various 
detailed classifications of anemia have been proposed. For further 
information on anemia, the books by Coffin and Wintrobe and the 
monograph by Holman are suggested. 

HEMOGLOBIN AND ITS COMPOUNDS AND DERIVATIVES 

Hemoglobin (ferrohemoglobin), the pigment of the erythrocytes 
is a complex, iron-containing, conjugated protein composed of a pig¬ 
ment and a simple protein. The pigment is ferroheme (reduced heme, 
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reduced hematin) and the protein is globin, a histone. Ferroheme 
makes up about 5 per cent of the hemoglobin molecule. Ferroheme 
is widely distributed both in the animal and plant kingdoms. It not 
only combines with globin to form hemoglobin but it can combine 
with many nitrogenous compounds to form hemochromogens. Myo¬ 
globin is a combination of ferroheme and muscle globin. 

Measurements of the molecular weight of hemoglobin have given 
the following results: man, cat, pig, 65,000; dog, 66,000; rabbit, 69,000. 
These values are about four times the minimal molecular weight of 
16,400 calculated on the basis of an iron content of about 0.34 per 
cent and on the assumption that each molecule of hemoglobin contains 
one atom of iron. The hemoglobin molecule must therefore contain 
four iron atoms and four heme groups. The latter are believed to be 




Fio. 3.—Oxyhemoglobin crystals of the 
dog. (From Publication No. 116, Car¬ 
negie Institution of Washington.) 


Fio. 4.—Oxyhemoglobin crystals of the 
pig. (From Publication No. 116, Car¬ 
negie Institution of Washington.) 


combined with one molecule of globin to form hemoglobin. Differences 
in the globin molecules probably account for the slight differences in 
the molecular weights. 

At least some of the pores of the glomerular membrane in the 
kidney are large enough to permit the hemoglobin molecule to pass 
through. Thus if hemoglobin is released in the blood stream, hemo¬ 
globinuria is likely to result. 

Hemoglobins of Different Species. Hemoglobin is present in the 
blood of all mammals and of many animals far below the mammals. 
The hemoglobins are not identical compounds, however, even among 
the mammalian species. The differences are due to differences in the 
globin part of the molecule, for heme does not vary in composition 
either in the animal or the plant kingdom. Evidence that the hemo- 
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globins in different animals are not identical is as follows: (1) The 
crystallography of the hemoglobins is not the same. This is shown by 
the early investigations of Reichert and Brown, who studied blood 
from over 100 species of animals. Hemoglobin from all species studied 
could be crystallized, usually as oxyhemoglobin, but the ease of crystal¬ 
lization, the shape and size of the crystals, and other factors varied 
greatly. The appearance of the crystals from several species of domes¬ 
tic animals is shown in Figs. 3 to 6. (2) The absorption spectra of the 
different hemoglobins are not identical. (3) The chemical composition 
of the globins is not the same, the differences being due apparently to 
differences in their amino acid content (Beach and co-workers). 
Characteristic species differences have been found in the molecular 
ratios of methionine to evstine. 


» • 



Fig. 5. —Oxyhemoglobin crystals of the 
bullock. (From Publication No. JIG, 
Carnegie Institution of Washington.) 



Fio. 6.—Oxyhemoglobin crystals of the 
horse. (From Publication No. 11G, 
Carnegie Institution of Washington.) 


Amount of Hemoglobin. The amount of hemoglobin in the blood 
is, in modern practice, usually expressed in grams per 100 ml. of blood. 
Average figures for a number of species are given in Table 4. 

Evidence has oeen obtained (Smith, 1944) that wdien the diet 
of the dog is adequate in all known blood-building factors, the hemo¬ 
globin content of the blood may be much higher (18 gm. per 100 ml 
for adult dogs) than previous work has shown. Smith suggests that 
the lower values obtained in earlier investigations might have been 
due to inadequacy of the diets with respect to the B-vitamins. It is 
pointed out, however, that the general health of dogs is nearly as 

good with hemoglobin values of 14 gm. per 100 ml. as with values of 
18 gm. 
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Table 4. Hemoglobin Content of tue Blood 


Species Hb Author 


gm. per 100 ml. 

Horse. 10.0 ±1.5 Holman 

Stallion, Thoroughbred. 14.69 ±1.56 Hansen and co-workers 

Mare, 'I horoughbred, barren.... 13.83 ±1.10 Hansen and co-workers 

Cow. 12.03 Miller 

Sheep. 12.4 ±1.4 Holman 

Goat. 10.9 Welsch 

Pig. 11.95 Oglesby and co-workers 

Dog. 13.01 Mayerson 

Cat. 10.49 Landsberg (1940) 

Turkey hen. 10.5 Ilhian and co-workers 

Cock. 13.5 Dukes and Schwarte 

Hen. 9.8 Dukes and Schwarte 


The statistical constants following tlj© means are standard deviations. 


The amount of hemoglobin in the blood is influenced by such 
factors as age, sex, muscular activity, psychic states, season, baro¬ 
metric pressure, life habits of the species, and disease. Schwarte has 
reported a study of the variability of the hemoglobin content of the 
blood of pigs from birth to approximately G months of age. The effect 
of various changes in environment was noted. 

Since the red cells are the hemoglobin-bearing elements, one would 
expect to find in the normal animal a positive correlation between the 
number of these elements in the blood and the hemoglobin content. 
Such a relationship is illustrated, for dogs, in Fig. 7. Hemoglobin values 
and hematocrit readings also normally show a positive correlation. In 
some types of anemia, however, these correlations do not hold. 

Oxyhemoglobin. Hemoglobin has important physiological relation¬ 
ships with oxygen. (Sec also Chapter IX.) During the passage of the 
red corpuscles through the pulmonary capillaries, hemoglobin com¬ 
bines with oxygen to form oxyhemoglobin, which, as it traverses the 
systemic capillaries, loses its oxygen to the tissues and again becomes 
hemoglobin. Under appropriate conditions these reactions take place 
readily, and it is fortunate that this is so. Otherwise hemoglobin could 
not function as the respiratory pigment of the blood, for the red cells, 
the hemoglobin carriers, spend only about one second traversing a 
capillary. The relation between hemoglobin and oxygen may be ex¬ 
pressed in its simplest form as follows: 

Hb -f 0 2 ?=* Hb0 2 . 

Hemoglobin owes its oxygen-carrying power to the pigment which it 
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Fig. 7. —Chart showing the positive correlation between 
erythrocyte count and hemoglobin content of blood (in 
dogs). (Data of Powers, Bowie, and Howard.) 


contains, and this in turn owes its oxygen-combining power to its 
iron content. The amount of iron in the blood is small, making up about 
0.34 per cent of the hemoglobin molecule and 0.03 to 0.05 per cent of 
the blood itself. The body carefully conserves the iron resulting from 
hemoglobin destruction, only a small amount being lost daily. The 
dietary need for iron for hemoglobin formation is therefore small. 

When saturated with oxygen, one gram of hemoglobin carries 
about 1.36 ml. of oxygen. 

Oxyhemoglobin, its aqueous solutions, and arterial blood are bright 
red in color, whereas reduced hemoglobin, its aqueous solutions, and 
venous blood are purplish-red in color. 

Myoglobin (Myohemoglobin, Muscle Hemoglobin). This pigment 
is found chiefly in muscles that show slow, repetitive activity of con¬ 
siderable force (Millikan). The amount increases with age and activity. 
The pigment is a true hemoglobin, being composed of heme and globin. 
The heme of muscle hemoglobin is identical with that of blood hemo¬ 
globin. The globins of myoglobins of different species, like the globins 
of blood hemoglobins, differ somewhat because of variations in their 
amino acid content. Muscle hemoglobin contains only one heme group, 
and hence only one iron atom, per molecule. Its molecular weight is 
approximately 17,000. The dissociation curve of muscle hemoglobin is 
hyperbolic, whereas that of blood hemoglobin is, under the conditions 
prevailing in the body, S-shaped (p. 255). The total amount of hemo- 
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globin in striated muscles (in the dog) varies in different conditions 
from one-tenth to eight-tenths of that of the hlood (Whipple). In 
heef cattle it has been shown that animals on pasture have a higher 
level of muscle hemoglobin than animals on dry lot. The differences 
could not be fully explained on a nutritional basis. The fact that the 
animals on pasture had more exercise was probably important (Shenk, 
Ilall, and King). 

The myoglobin content of various muscles of the horse, pig, fowl, 
and pigeon and of muscles of fetuses of several species has been studied 
by Lawrie. The effect of exercise in increasing the myoglobin content 
of muscles was demonstrated in several species. No correlation was 
found between myoglobin concentration and the plane of nutrition of 
the animal. 

Although muscle hemoglobin is doubtless concerned in muscle res¬ 
piration, not a great deal is known about the physiology of this 
compound. When muscle contracts, its blood supply is temporarily 
interfered with because of compression of the minute blood vessels. 
Myoglobin might serve to yield a supply of oxygen to the contractile 
mechanism in spite of a discontinuous supply from the blood. Evidence 
indicates that it serves as a brief oxygen store in muscle. There is no 
evidence that it acts as a catalyst (Millikan). 

In myohemoglobinuria (“azoturia”) of horses, myoglobin appears 
in the urine. 

Carboxyhemoglobin. Hemoglobin has the power of combining not 
only with oxygen but also with certain other gases, for example, carbon 
monoxide. The resulting compound is carboxyhemoglobin. When carbon 
monoxide is present in the respired air, it enters the blood and com¬ 
bines with hemoglobin to the exclusion of 0 2 , for the affinity of hemo¬ 
globin for CO is more than 200 times greater than that of hemoglobin 
for 0 2 . Carbon monoxide attaches to the iron of heme in the same 
manner as does 0 2 . Carbon monoxide, to the extent that it combines 
with hemoglobin, not only invalidates the latter as a carrier of 0 2 
but it interferes with the giving up of O a to the tissues. The latter 
action applies to those hemoglobin molecules that are not completely 
saturated with CO but some of whose iron atoms also hold 0 2 . Carbon 
monoxide is therefore very poisonous. The breathing of air containing 
0.1 per cent of CO will cause severe effects in 30 to 60 minutes, under 
which conditions some 20 per cent of the hemoglobin will be converted 
to HbCO. The CO in combination with hemoglobin will be replaced 
with 0 2 if the partial pressure of the latter is great enough. The re¬ 
placement follows the law of mass action. The reaction 



BLOOD 


39 


HbCO + 0 2 *± Iib0 2 + CO 

will also be displaced to the right by an increase of C0 2 pressure. 
Therapeutic measures in CO poisoning have as their chief objective 
the increasing of the 0 2 partial pressure in the blood. For this purpose 
oxygen inhalations are usually used. To take advantage of the favor¬ 
able effect of C0 2 on the reaction and of the stimulating effect of C0 2 
on the respiratory center, the poisoned subject may be made to breathe 
oxygen containing 5 to 7 per cent of C0 2 . However, the beneficial 
effects of the addition of C0 2 to oxygen in carbon monoxide poisoning 
are not very great (Schwerma and co-workers). 

Methemoglobin. This compound, known also as ferrihemoglobin. 
is a hemoglobin derivative formed by the oxidation of the ferrous 
iron of hemoglobin to ferric iron. Methemoglobin is thus the true 
oxide of hemoglobin, whereas oxyhemoglobin is an oxygenated deriva¬ 
tive. Methemoglobin (ferrihemoglobin) cannot combine with 0 2 in 
the sense that hemoglobin (ferrohemoglobin) does. Therefore it is 
useless as a respiratory pigment in the blood. Methemoglobin is formed 
in small amounts in the circulating blood, but reducing systems in the 
erythrocytes prevent its accumulation in any considerable amount. 
Under some conditions, however, as after the administration of certain 
drugs (nitrites, aminophenols, acetanilid, sulfonamides, etc.), it may 
occur in the blood stream in larger amounts. Methemoglobin will form 
spontaneously in blood or hemoglobin solutions kept in vitro. Partial 
deoxygenation of the sample favors its formation. Many chemical 
substances, including certain oxidizing and reducing agents, promote 
the conversion of hemoglobin to methemoglobin in vitro. It occurs in 
the urine in certain pathological conditions. 

Ramsey (1944) has demonstrated the presence of significant amounts 
of methemoglobin in horse blood. Spontaneous intracorpuscular met¬ 
hemoglobin formation in horse erythrocytes has been studied by 
Fegler. In the dog and cat about one per cent of the total blood pig¬ 
ment has been shown to be methemoglobin. 

Hemin. Hemin is the hydrochloride of ferriheme, in which the 
iron is in the ferric state. Its chemical constitution is known, and it 
has been synthesized. Hemin is easily prepared by heating together 
hemoglobin or dried blood, a grain of sodium chloride, and a drop or 
two of glacial acetic acid, on a glass slide. When so prepared, hemin 
usually assumes the form of brown rhombic crystals, readily seen 
under the microscope (Fig. 8). This test, known as the hemin test, is 
considered to be very reliable for blood. 

Hematoporphyrin. This is the name given to the iron-free pigment 
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formed when hemoglobin or hemin is treated with a strong mineral 
acid. Hematoporphyrin is closely related chemically to the bile pig¬ 
ment bilirubin. 

Absorption Spectra. When white light is passed through a solu¬ 
tion of hemoglobin or one of its derivatives, certain wavelengths are 
absorbed. The resulting spectrum is termed an absorption spectrum;^ 
the regions of absorption are known as absorption bands. They may be 
revealed by examining the solution with a spectroscope. This is an 
instrument for producing and viewing the spectrum. In its simplest 



Fir,. 8.—Hrmin crystals prepared from sheep blood. (Reichert; 
from Hawk nnd Rorgeim, Practical Physiological Chemistry. 
cd. 9, published by P. Blakiston’s Son and Company, Inc.) 

form, the direct-vision spectroscope, it consists essentially of a tube 
with an opening at one end and a convex lens at the other for produc¬ 
ing a beam of light of parallel rays, a prism for resolving the light into 
its component parts, and a telescope for focusing. When white light is 
examined spectroscopically, a series of colors, known as the spectrum, 
is obtained. The colors are red, orange, yellow, green, blue, violet, and 
indigo. When sunlight is examined, certain fine, black, vertical lines are 
found at definite places in the spectrum. These arc known as Fraun¬ 
hofer’s lines and arc designated as A, B, C, D, E, etc. They are lacking 
in the spectrum of lamplight. Absorption bands of definite size, ap¬ 
pearance, and position are given by solutions of hemoglobin and its 
derivatives in certain concentrations. Therefore spectroscopic examina¬ 
tion serves to identify these pigments in solution. 



BI.OOI) 


11 


^Dilute oxyhemoglobin solutions when examined spectroscopically 
show two absorption bands between the L) and E lines; the left band is 
narrower than the right (Fig. 9). Concentrated solutions show one 
band instead of two. When a reducing agent is added to dilute oxy- 



Fig. 9.—Absorption spectra of hemoglobin and some of its derivatives: 

1, oxyhemoglobin, dilute solution; 2, reduced hemoglobin; 3, methemo- 
globin, neutral solution; 4, methernoglobin, alkaline solution; 5, hematin, 
acid solution; 6, hematin, alkaline solution. The wavelengths absorbed 
may be determined by reference to the scale at the top of the diagram. 

The values shown are millimicrons. (Ziemke and Muller; from Howell, 
Physiology; copyright—W. B. Saunders Company.) 

hemoglobin solution, the two bands give place to a single band which 
begins just to the left of the D line and extends nearly to the E line. 
This is the spectrum of reduced hemoglobin (Fig. 9). 

Carboxyhemoglobin shows two absorption bands, which are similar 
in position and size to those of oxyhemoglobin. However, it is easy to 
distinguish between the two compounds by adding a reducing agent. 
If the compound is carboxyhemoglobin, the two absorption bands 
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remain; if it is oxyhemoglobin, they are replaced by one band. Car- 
boxyhemoglobin occurs in the blood stream in poisoning from carbon 
monoxide. 

When a fairly strong solution of oxyhemoglobin is treated with 
ferricyanide, chlorate, or nitrite, methemoglobin, in neutral solution, 
is formed. Its spectrum shows a distinct band in the red between the 
C and D lines and a somewhat narrower band just to the right of the 
D line. Still other bands are present (Fig. 9). The addition of a reduc¬ 
ing agent causes the spectrum of oxyhemoglobin and then of hemo¬ 
globin to appear. 

LEUKOCYTES 

Leukocytes, or white blood cells, are much less numerous than 
erythrocytes. They are of several kinds and their physiology is in¬ 
completely understood. More work has been done on their functions 
in disease than in health. Numerous studies of their cytology have 
been made. 

Leukocytes as normally found in the blood are divided into three 
main groups: lymphocytes, monocytes, and granulocytes. The granu¬ 
locytes arc characterized by specific granules in their cytoplasm and, 
according to their staining reactions, are classed as neutrophils, eosino¬ 
phils, and basophils. 

Recent opinion holds that all leukocytes exert their main functions, 
not in the blood stream, but in the tissues. The blood is a means of 
transport of leukocytes. 

Lymphocytes. These cells are relatively numerous in the blood of 
most species of domestic animals. They arc formed in lymphoid tissue 
(lymph nodes and nodules, spleen, etc.) and are in fact the main 
constituent of this tissue. They are believed to produce antibodies and 
to fix toxins. They are lost in large numbers by migration to the in¬ 
testinal and respiratory mucous membranes. They are not phagocytic 
(Bunting), that is, they do not have the power of ingesting and digest¬ 
ing particulate matter, such as bacteria and tissue detritus, with which 
they come in contact. They show ameboid motility. 

Monocytes. These cells occur in normal blood only to a limited 
extent. They are large and possess a single nucleus and a fairly abun¬ 
dant, faintly granular cytoplasm. Motility is well developed. Being 
actively phagocytic, they are able to ingest foreign particles of almost 
any sort. Their origin is probably from the cells of the reticulo¬ 
endothelial system. 

Granulocytes. Neutrophils are comparatively numerous in the 
blood of most animals. They have an abundant, finely granular cyto- 
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plasm, the granules 
nucleus of these cells 
nected by filaments. 


staining with the so-called neutral dyes. The 
is generally divided into lobes or segments con- 
Such neutrophilic cells are designated as seg¬ 


mented cells. They are the more mature torms. 1 hose cells possessing 


a nucleus that appears as a curved or coiled band, rodlike or even 
deeply indented but without segmentation, are known as band cells. 
They are younger forms. 

Neutrophils are able to make ameboid movements and are actively 
phagocytic. They are formed in bone marrow from extra vascular 
neutrophilic myelocytes. 

Eosinophils are large cells containing numerous large cytoplasmic 
granules that stain with acid dyes. The nuclei are less lobulated than 
those of neutrophils. They are normally seen only in small numbers. 
They originate from eosinophilic myelocytes of bone marrow. 

Basophils have cytoplasmic granules that stain with alkaline dyes. 
They occur in normal blood only to a small extent. Their function is 
not known. Phagocytic power is slight or absent. They are believed 
to be different from mast cells—so frequently found in the neighbor¬ 
hood of blood capillaries—though they resemble them histologically. 
Basophils originate from basophilic myelocytes of bone marrow. 

Evidence has been obtained (Steinberg and Martin) that a blood 
plasma factor, possibly an enzyme, is concerned in the expulsion of 
granular leukocytes from the bone marrow into the blood and into 
some of the organs (liver, spleen). 

Length of Life. There is little definite information regarding the 
length of life of leukocytes. However, they are generally believed to 
be short-lived. The average rate of disappearance of leukocytes from 
the blood of leukopenic cats which were transfused with blood from 
normal cats was such as to indicate that all the leukocytes could 
be replaced one and one-half times daily. This indicates an average 
length of life of about 16 hours (Lawrence, Ervin, and Wetrich). 

The lymphocyte output of the thoracic duct has been found to be 
large enough to replace the lymphocyte content of the blood in 10 to 
12 hours in the cat and 11.6 hours in the dog. 

The average survival time of mononuclear leukocytes in the blood 
of irradiated parabiotic rats was found to be 170 minutes, whereas 
the average survival time of the granulocytes was 23 minutes (Van 
Dyke and Huff). 

The reticulo-endothelial cells of the liver and spleen are probably 
concerned in removing dead leukocytes or their fragments that escape 
autolysis (Bunting). 
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Numbers. Leukocytes are enumerated per cubic millimeter of 
blood. Table 5 gives ranges of variation for animals. The first column 
of values in the table shows the range for the total leukocyte count. 
The other columns show the ranges of the values for the several classes 
of leukocytes. Lor the dog and cat these ranges are shown as per¬ 
centages of the total leukocyte count; for the other animals, as 
absolute values. 1 he distribution of total leukocyte counts in normal 
dogs is shown in Fig. 10. 

Leukocytosis is a pathological increase in the number of any or 

all of the different classes of leu¬ 
kocytes. Lymphocytosis is rare in 
domestic animals. Neutrocytosis 
or neutrophilia is seen in most 
acute bacterial infections (Coffin). 

Leukopenia is a decrease in 
the number of leukocytes. It may 
involve one or all of the classes of 
white cells. Leukopenia is seen in 
most virus diseases, for example, 
hog cholera (Kernkamp), the dis¬ 
ease of cats known as panleu¬ 
kopenia or infectious enteritis 
(Riser), and infectious canine 
hepatitis (Coffin). 

THROMBOCYTES 

Thrombocytes or blood platelets are oval, disklike particles only 
2 to 4 microns in diameter. In young dogs Landsberg (1939) found an 
average blood platelet count of approximately 155,000 per cubic milli¬ 
meter. Most of the results fell in the range of 120,000 to 190,000. In 
adult dogs Buckwalter and co-workers found that the mean number 
of platelets was 383,000 per cubic millimeter of blood, with a standard 
deviation of 82,000. In the horse Stewart and Holman report a range 
of 110,000 to 300,000, with a mean of 176,000. An average platelet 
count of 422,000 per cubic millimeter, with a range of 200,000 to 
600,000, has been found in normal cats. The entire platelet mass of 
the cat appears to be replaced every two to five days. This was deter¬ 
mined on animals made thrombopenic by irradiation and then cross- 
circulated with normal cats. The thrombopenic cats were then returned 
to their own circulations, and the rate of disappearance of the platelets 
was followed by periodic counts (Lawrence and Valentine). 

Platelets tend rapidly to agglutinate and disappear in drawn blood. 



Fig. 10.— Average leukocyte counts 
(thousands per cubic millimeter) in 
the blood of sixty normal dogs. (From 
Mayerson, Anatomical Record, pub¬ 
lished by the Wistar Institute.) 



Table 5. Number of Leukocytes in Rlool> 
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They arc concerned in blood coagulation and thus in the stopping of 
bleeding. 

Different views have been held from time to time regarding the 
origin of blood platelets. A widely accepted view (Sabin, 1922; Bunt¬ 
ing) is that they are particles of protoplasm which arise as fragments 
from the giant cells or megakaryocytes of bone marrow. These cells 
throw out long protoplasmic projections which, penetrating the blood 
sinuses of the bone marrow, fragment into platelets. The latter are 
then carried away with the blood current. It is not certain that this 
view accounts for all the platelets formed. Some work suggests that 
megakaryocytes of the lungs are a source. 

Thrombocytes of birds and other submammalian forms are true 
nucleated cells. 

THE SPLEEN 

The spleen is the largest lymphoid organ in the body. However, its 
histology is more complex than that of lymphoid tissue generally. It 
has been compared histologically to a large hcmolymph node. Many 
kinds of cells are found in the splenic pulp: reticulo-endothelial cells, 
splenocytes or pulp cells, and practically all kinds of blood cells. The 
spleen is abundantly supplied with blood, the course of which through 
the organ is peculiar. Capillaries are lacking in the ordinary sense, and 
blood passes right into the splenic pulp. It is then collected by the 
venous sinuses, which are drained by veins whose union leads to the 
formation of the splenic vein. Recent work of MacKenzie and col¬ 
laborators supports this view that the open type of circulation is 
present in the spleen. They studied, by transillumination, the living 
spleen in five species of small mammals. 

Functions. The functions of the spleen are not fully understood, 
although many facts of importance are known. That the organ is not 
necessary for life is well established. Splenectomy has been success¬ 
fully performed not only on the small animals but also on horses, cat¬ 
tle, sheep, goats, and pigs (Quinlan, Dc Kock, and Marais; Cates). 
When the spleen is extirpated, other organs soon take over its functions 
or other adjustments are made, so that little or no disturbance of health 
ordinarily results. Craigc noted anemia in a cow following splenectomy. 
Erythrocyte count, erythrocyte percentage volume, and hemoglobin 
content of the blood all showed a decrease. The following summary of 
splenic function is based in part on the comprehensive review of 
Krumbhaar. 

1. The spleen is an important reservoir for blood, which may be 
called upon under certain conditions, as during exercise, following 
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hemorrhage, in carbon monoxide poisoning, during the administration 
of certain anesthetics (chloroform, ether), and in emotional states. The 
spleen undergoes at least two kinds of rhythmic changes in sizes. One 
of these is a slow expansion and contraction; the other, a frequently 
recurring systole and diastole. These movements are probably related 
to its function as a blood reservoir. In giving up blood in the conditions 
just mentioned, the spleen undergoes strong contraction accompanied 
by vasoconstriction. In some species (horse, dog, cat) the blood com¬ 
ing from the spleen during this contraction is richer in corpuscles than 
the blood of the general circulation, whereas in others splenic contrac¬ 
tion augments only the blood volume. In animals of the first class the 
spleen must be able to concentrate blood coming to it by squeezing 
out plasma. 

It is doubtful that the spleen of the fowl serves as a blood reservoir 
(Sturkie), and the spleen of man is believed not to be important in 
this respect. 

2. In the fetus the spleen is concerned in blood cell formation. In 
the adult it continues to form lymphocytes, monocytes, and possibly 
other cells, and its fetal activity of erythropoiesis can be resumed under 
certain pathological conditions. 

3. It is concerned in the destruction of erythrocytes. This is by 
virtue of its high content of reticulo-endothelial cells and its power 
of making red cells more susceptible to hemolysis, that is, more fragile. 
It has a very high iron content. 

4. By reason of its reticulo-endothelial cells it is believed to be 
concerned in antibody formation, and because of the presence of numer¬ 
ous lymphocytes it plays a part in the resistance of the body to certain 
infections. 

5. The spleen is of importance in the formation of bile pigment, the 
storage of iron, and possibly other phases of metabolism. 

Hemal nodes, found only in ruminants, are similar in structure and 
probably in function to the spleen. 

COMPOSITION OF BLOOD PLASMA 

Samples of plasma may be obtained from drawn blood in which 
coagulation has been prevented. Chemical analyses and other studies 
reveal that the composition of blood plasma is extremely complex, and 
this is to be expected when the varied functions of blood, of which 
plasma forms 55 to 70 volumes per cent, are recalled. As would be 
expected, there is much similarity in the chemical composition of blood 
plasma in the different mammals. Nevertheless, important quantitative 
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differences have been revealed. Following is a list of the best-known 
constituents. 


Water 

Gases 


Proteins 


[ Oxygen 
-s Carbon dioxide 
Nitrogen 



Albumin 

Globulin 

Fibrinogen 


Glucose, lactate, pyruvate 


f Fat 

Lipids J Lecithin 

Cholesterol, etc. 


Nonprotein 

nitrogenous 

substances 


Amino acids 

Urea 

Uric acid 

Creatine 

Creatinine 

Ammonia salts, etc. 


Inorganic 

substances 


Sodium 

Potassium 

Calcium 

Magnesium 

Iron 

Chloride 

Sulfate 

Phosphate 

Manganese 

Cobalt 

Copper 

Zinc 

Iodine, etc. 


Smnll amounts or 
traces 


Enzymes, hormones, vitamins, pigments, etc. 


QUANTITATIVE DATA ON BLOOD COMPOSITION 

In recent years many studies on the composition of the blood of 
animals have appeared in the literature. Table 6 represents an attempt 
to interpret, evaluate, and summarize some of these studies. It was 
prepared by Dr. C. E. Hayden and is founded on his own work and 
that of numerous other investigators. It has been revised for this 
edition by Dr. Jesse Sampson. For additional information on the 
chemical constituents of blood, reference may be made to the books 
by Albritton (all species) and Sturkie (fowl). 



Table 6. Usual Normal Range of Some Chemical Constituents of the Blood of Mature Domestic Animals 
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PLASMA PROTEINS 

Although the significance of several of the blood constituents has 
already been considered, a study of the significance of most of them 
will not be entered into in this chapter but will be deferred until such 
topics as respiration, absorption, metabolism, and the endocrine glands 
are treated. However, the plasma proteins may well be considered at 
this time. 

Several proteins have been identified in blood plasma, albumin, 
fibrinogen, and globulin, of which there are a number of fractions. 
Classifications of the globulin fractions vary. According to one system, 
based on the precipitation of protein fractions with salts, the globulin 
fractions are euglobulin and pscudoglobulin I and II. In another classi¬ 
fication, alpha, beta, and gamma globulins are recognized (Cohn). In 


Table 7. Plasma Proteins 
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an electrophoretic study of the blood plasmas from twenty species of 
animals, including the domestic mammals and birds, Deutsch and 
Goodloe concluded that distinct species differences in the mobility, 
amount, and number of the protein components occur. In a given 
species, however, much greater constancy prevails. Table 7 gives data 
concerning the plasma proteins in domestic animals. According to 
Howe, “in man, sheep, goat, rabbit, dog, guinea pig, and rat the 
albumins predominate over the globulins whereas in the horse, hog, 
and cow the relative proportions of these two classes of proteins are 
nearly equal or the globulins tend to be in excess of the albumins.” 
In newborn animals (foals, kids, lambs, pigs) it has been shown 
(Earle) that the euglobulin fraction of the plasma proteins is deficient 
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and that pseudoglobulin I is present only in very small amounts. 
Following the ingestion of colostrum these fractions show large in¬ 
creases in the blood owing to their absorption from the colostrum. In 
this way colostrum ingestion serves to increase the antibodies of the 
blood, for, as noted below, the antibodies are associated with the 
globulins. The absorption of globulins from colostrum may have other 
beneficial effects on the newborn. 

The serum of laying hens contains 5.40 zh 0.71 gm. of protein per 
100 ml. That of cockerels and nonlaying hens contains less and that 
of chicks still less. The electrophoretic pattern of the serum of the 
laying hen showed a component not seen in the other groups. It is 
suggested that this fraction may be related to egg formation; it appears 
at the start of egg production (Brandt, Clegg, and Andrews). 

The reason why newborn animals of certain species lack globulins 
and therefore antibodies in the blood is that the placenta in these 
species is not permeable to these substances. 

Origin. Much evidence favors the view that the plasma proteins 
are formed in the liver (Madden and Whipple; Mann). Thus as re¬ 
gards fibrinogen, when the blood in the portal vein is diverted around 
the liver directly into the posterior vena cava by experimental anas¬ 
tomosis of these veins (Eck fistula), or when the liver is removed or 
is poisoned or otherwise injured, the concentration of this protein in 
the blood is reduced. Although it is probable that the liver is the chief 
source of plasma protein, there is evidence that globulin, or some of 
the globulin fractions, originate extrahcpatically (Berryman, Bollman, 
and Mann; Sabin, 1940). Evidence has been obtained that lymph 
nodes serve as a source of antibody globulin (Cope and Rosenfeld). 

Functions. The function of fibrinogen is better understood than 
are the functions of the other plasma proteins. When fibrinogen is con¬ 
verted into fibrin, the latter constitutes the essential part of the blood 
clot, within the meshes of which the red corpuscles are entrapped. 
Prothrombin, a protein component of the blood, is also concerned in 
blood coagulation (p. 52). Following arc other functions of the plasma 
proteins: (1) The older view was that the plasma proteins furnish the 
protein requirements of the tissues, but with increasing knowledge of 
amino acid metabolism this view was largely discarded. There is now 
good evidence that plasma proteins given parenterally to dogs can 
supply all protein requirements of the body over long periods of time. 
This can be accomplished apparently without complete breakdown of 
the plasma proteins to amino acids (Yuile and co-workers). (2) They 
contribute to the viscosity of the blood and thus aid in maintaining 
normal blood pressure. (3) They exert a low but constant osmotic 
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pressure in the blood. Because they are colloidal and therefore non- 
diffusable, this osmotic pressure opposes the blood pressure in the 
capillaries and thus prevents undue passage of fluid into the tissues. 
The albumins account for nearly 80 per cent of the colloid osmotic 
activity of the plasma. This is because of their abundance and smaller 
molecular weight. (4) They influence the suspension stability of the 
blood (p. 20). (.5) The antibodies of the blood are definitely associated 
with the plasma globulins; they can be separated from plasma in the 
gamma-globulin fraction. (6) The globulins aid in holding lipids and 
other substances in solution in the plasma. 

COAGULATION OF BLOOD 

The ability of the blood to clot or coagulate when drawn from the 
blood vessels is essentially a process of the plasma and is one of its 
most important properties. The physiological value of coagulation lies 
in the fact that it serves to seal injured blood vessels and thus to stop 
hemorrhage./The gross physical changes undergone by blood during 
clotting have long been recognized and are easily followed. At first 
the blood is perfectly fluid, but soon it becomes thicker and finally 
reaches the consistency of soft jelly. This soft mass gradually becomes 
firmer owing to shrinkage of the fibrin framework of the clot, and in 
shrinking there is pressed out of the clot a clear, watery fluid termed 
blood serum. This closely resembles blood plasma but differs from it 
somewhat in composition.|ln the clot the fibrin is deposited in the form 
of densely packed needles of ultramicroscopic size and crystalline ap¬ 
pearance. The fibrin needles are strengthened at their intersections by 
knots of intact platelets deposited there after the fibrin is laid down/ 
In this way the platelets assist in making the clot firmer and more 
elastic. Clots formed in the absence of platelets lack firmness and show 
less contractility (Tocantins). 

In the spaces of the fibrin network the red cells arc entangled. 
Leukocytes are also present to some extent, but, owing to their 
ameboid activity, they may migrate into the serum above. As a blood 
with rapidly settling erythrocytes undergoes coagulation, the upper 
part of the clot takes on a yellowish appearance and is known as the 
huffy coat. This part is composed principally of coagulated plasma, 
the corpuscles having largely settled out. It is often well defined in 
coagulated horse blood. 

^The chemical or physicochemical changes occurring during clotting 
are complex, as researches have disclosed\Thcre is still much difference 
of opinion as to the exact nature of some of these processes, although 
certain conceptions regarding the chemistry of clotting are widely ac- 
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cepted^It is generally recognized that fibrin, the essential part of the 
clot, is formed from the blood protein fibrinogen. Further, it is widely 
believed that the change of fibrinogen to fibrin is brought about by the 
action of a substance, not normally present in blood but formed when 
blood is shed, to which the name thrombin is given, flic source of 
thrombin is an inactive substance in the blood, prothromb in, which is 
quickly activated when blood is shedpEvidcnce has been obtained that 
thrombin and its precursor prothrombin are carbohydrate-containing 
proteins (Secgers) .(Prothrombin occurs in the globulin fraction of the 
plasma proteins. It is formed in the liver. Vitamin K is necessary for 
its production but the way in which it acts in the formation of pro¬ 
thrombin is not clear,) It probably does not become a part of the pro¬ 
thrombin molecule. It may be the prosthetic group of an enzyme con¬ 
cerned in the synthesis of prothrombin (Quick and Collentine). 

C The manner of conversion of prothrombin to thrombin is variously 
explained in the different theories of blood coagulation, although cal¬ 
cium is recognized as playing a necessary part at this stage of clotting. 
According to the classical concept, calcium reacts with prothrombin 
in the presence of a substance, formed from injured tissues and the 
disintegration of blood platelets, called thrombokinase, thrombo¬ 
plastin, or thromboplastic substance. A product of the interaction of 
these three substances is thrombin! 

Howell, on the basis of his researches, held that calcium alone is 
capable of converting prothrombin to thrombin. This reaction is nor¬ 
mally prevented in the blood vessels because prothrombin is inacti¬ 
vated or bound by a substance called antiprothrombin. According to 
Howell, the action of thromboplastin is to break up the prothrombin- 
antiprothrombin combination and thus to release prothrombin. The 
latter substance then reacts with calcium to form active thrombin. 
Howell considered thromboplastin to be comprised, to a large extent, 
of the phospholipid cephalin. Other phospholipids also enter into the 
thromboplastin complex. Dougherty and co-workers (1949) have shown 

that an aqueous extract of bovine lung has a very high thromboplastic 
activity. 

(^Recent work reaffirms the classical view that a thromboplastic 
factor, as well as calcium, is necessary for the conversion of prothrom¬ 
bin to thrombin. Furthermore, it appears that the nlasma itself is a 
source of thromboplastic factors (Ferguson, 1949)) Natural plasma is 
deficient in available thromboplastic (phospholipid) factors./^It is 
postulated that an enzyme, scrum tryptase, is concerned in the release 
in drawn blood of phospholipid from protein combinations. The en¬ 
zyme is inactive in the blood stream but undergoes rapid activation 
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in drawn blood. This enzyme may also catalyze the interaction of pro¬ 
thrombin, thromboplastin, and calcium to form thrombin. More re¬ 
mote but important actions of the enzyme may be to cause clot re¬ 
traction and finally resolution of the clot by fibrinolysis^ 

It is usually held that the activation of prothrombin is a catalytic 
(enzymic) process. An alternate view is that the activation takes place 
stoichiometrically. 

Evidence has been obtained for the existence of an accelerator 
factor of importance in the conversion of prothrombin to thrombin. 
It appears to be a plasma globulin and is often designated as Ac- 
globulin. 

Most of the current theories of blood coagulation hold that a 
vasoconstrictor substance is released by platelet disintegration at the 
place of vascular damage. This substance presumably assists in the 
arrest of bleeding. 

Antithromboplastin and antithrombin are believed to be normal 
blood constituents and to be factors in the prevention of intravascular 
clotting. 

The principal changes occurring in blood coagulation are sum¬ 
marized in Fig. 11. This shows essentially the classical theory, but 
the actions of serum tryptase and Ac-globulin are also indicated. 

Several current theories of blood coagulation are clearly dia¬ 
grammed and summarized in the report, Standard Values m Blood , 
1952. 

Heparin. This anticoagulant substance was prepared from liver in 
Howell’s laboratory in 1910. Heparin is now available in purified form. 
It appears to be a polysaccharide of large molecular size containing 
nitrogen. It has been prepared from a number of tissues. The evi¬ 
dence indicates that it is produced by mast cells (tissue basophils). 
The anticoagulant action of heparin is complex and poorly under¬ 
stood. A modern suggestion is that it exerts its inhibitory action par¬ 
ticularly on the thromboplastic reactions. It also has antiprothrombic 
and antithrombic actions. It delays or prevents clotting in vivo or in 
vitro, but it is not certain that it normally functions in the blood 
stream as an anticoagulant. Heparin injections may be used clinically 

to prevent thrombosis and embolism. 

The anticoagulant powers of heparin, prepared in the form of its 
barium salt, are not the same in all species: dog, 10; ox, 5; pig, 2, 
sheep, 1. The chemical basis for the differences is not known (.Taques, 
Waters, and Charles). 

Defibrinated Blood. If blood during the clotting process is whipped 
or stirred with a bundle of twigs or fine rods, or is shaken with glass 
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Fig. 11. —A generalized theory of blood coagulation, based principally on the 
classical theory but with several additions. The changes at 1 represent the pre¬ 
liminary phase; at 2, the conversion phase; and at 3, the clotting phase. (From 
a diagram prepared by Dr. A. D. Rankin.) 


beads, the fibrin will deposit as a spongy mass on the stirrer or as a 
shredded mass among the beads. Blood from which the fibrin has been 
so removed is known as defibrinated blood. It is composed of serum, 
erythrocytes, and leukocytes and resembles normal blood, although of 
course it cannot clot again. It went through the chemical changes of 
clotting while being stirred or shaken. 

Coagulation Time. The time required for blood to coagulate varies 
widely in different species and somewhat even in animals of the same 
species. In all cases marked variations can he induced by varying 
conditions under which the blood is kept after being shed. Ainendt 
gives coagulation times at 25°C. (with Burker’s method) as follows: 
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The skin bleeding time is the time required for bleeding to stop 
after puncture of the skin. The blood is blotted away every 30 seconds 
or the wound is immersed in physiological salt solution. 

The prothrombin time is a measure of the clotting time of plasma 
to which an excess of thromboplastin has been added so that this 
coagulation factor will not be a limiting one in the test. Since oxalated 
plasma is used, calcium chloride is also added to the plasma in the test. 
The longer the clotting time, the smaller is the prothrombin concen¬ 
tration. It is now held that the prothrombin test is not a specific meas¬ 
ure of prothrombin concentration but includes other processes in blood 
coagulation. The range of variation of normal prothrombin time of 
dogs is 9 to 12 seconds (Mann, Shonyo, and Mann). In sheep 
Dougherty and co-workers (1949) have observed a range of 13 to 25 
seconds. The prothrombin time of newborn pups is prolonged during 
the first 48 hours of life and that of newborn Iambs during the first 
72 hours. Low levels of plasma fibrinogen arc also found in both, but 
adult levels are reached after one day in the dog and three days in the 
lamb (Field, Spero, and Link). 

Factors that Hasten Clotting. Some of the ways by which clotting 
may be accelerated are as follows: (1) Increasing the contact with 
foreign matter, as by the use of gauze packs or tampons in surgical 
practice or shallow containers for drawn blood. A foreign surface is be¬ 
lieved to upset the stability of the colloidal state of the plasma and 
thus set up the thromboplastic reactions. (2) Increasing the tempera¬ 
ture to which the blood is exposed. (3) Gently agitating the blood. 
(4) Adding thrombin to the blood. In surgical practice hemostasis may 
be aided by the use of a solution of thrombin. This may be applied 
directly to the bleeding area or it may be soaked into an absorbable 
carrier made of fibrin foam or gelatin sponge. Thrombin of bovine 
origin is commonly used. Since it is employed topically, there is little 
or no danger of sensitization of the patient. Thrombin must not be 
given by injection. Gelatin sponge is nonantigenic, and when implanted 
into tissues it disappears by absorption. It is less expensive than fibrin 
foam. (5) An absorbable cellulose product known as oxidized cellulose 
may be prepared from cotton, gauze, thread, paper, and the like. 
When implanted into a bleeding wound it absorbs blood, forms a gel, 
and aids in hemostasis. It is relatively nonirritating. (6) The appli¬ 
cation to the bleeding surface of tissue extracts containing thrombo¬ 
plastic substances may be helpful. Subcutaneous injection of such 
material is sometimes made, but there is some danger of unfavorable 
reaction. 

Factors that Prevent Clotting. Clotting may be prevented in a 
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number of ways, such as: (1) The addition of a soluble oxalate to the 
blood to the extent of about 0.2 per cent of the blood. This forms a non- 
ionizable compound with calcium and may have other anticoagulant 
action. (2) I he use of sodium fluoride in an amount sufficient to cause 
its concentration in the blood to be about 0.4 per cent. It is believed 
that fluorides act similarly to oxalates, but it is possible that they also 
prevent the disintegration of the blood platelets. (3) The addition of 
sodium citrate to the blood. The precise way in which citrates act to 
prevent clotting is unknown. Forming a nondissociable compound with 
calcium is believed to be a part of their action. They may also have 
an antiprothrombic action. Oxalates and fluorides are too toxic for 
use in blood intended for intravenous injection. Sodium citrate in the 
amount usually used clinically is generally safe. However, Ivy and co- 
woikers point out that when a large amount of citrated blood or 
citrated plasma is to be given, as after massive hemorrhage, the 
toxicity of the citrate must be considered. Their work on dogs indicates 
that a total dose of 1.5 gm. of sodium citrate per 10 pounds of body 
weight may be fatal. In some cases even smaller doses were lethal. 
The work of Roberts on horses suggests toxicity of the same order in 
this species. Sodium citrate in doses of GO to 90 gm. intravenously pro¬ 
duced severe physical symptoms. (4) Heparin may be used in vitro 
or in vivo to prevent or delay coagulation. It is apparently nontoxic. 
(5) Hirudin (from the leech) prevents or delays coagulation, possibly 
by inactivating thrombin. (6) Peptone injected into the blood stream 
prevents clotting, apparently by causing an increased production of 
heparin. However, peptone causes a severe fall in blood pressure and 
the development of a shocklike state. (7) Watcr-wettablc surfaces pro¬ 
mote clotting, probably by absorbing inhibitory substances from the 
plasma and by favoring the rupture of platelets. Needles, glassware, 
cannulas, and the like may be coated with silicone to form a non- 
wettable surface and thus to retard clotting. Paraffin has long been 
used for this purpose. Plastic tubes or containers similarly retard 

clotting. The internal surface of the blood vessels may act in a similar 
way. 

Anions of high valency are believed to prevent coagulation by acting 
1942) 0mbin; Cati ° nS ° f high va,enc y» b y affecting fibrinogen (Smith, 

Sweet-Clover Disease. The feeding of spoiled or damaged sweet- 
c over hay or sweet-clover silage may cause the death of cattle or 
sheep from hemorrhage preceded by a gradual increase in the coaeu- 
a ion time of the blood. The disease usually ends in death duetto 
emorrhages into the tissues or from accidental or surgical wounds. The 
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work of Roderick shows that the delayed coagulation is caused by a 
progressive decrease in the amount of prothrombin in the blood. The 
blood calcium level and the platelets are unaffected. Intravenous 
injection of freshly defibrinated blood from the normal animal usually 
results in recovery. 

The hemorrhagic agent in improperly cured sweet-clover hay has 
been shown to be dicoumarol (Dicumarol), C,yIIi 2 O c . The synthetic 
product when fed to animals of various species will lower the pro¬ 
thrombin level and produce a hemorrhagic condition typical of sweet- 
clover disease (Stahmann, Hucbner, and Link; Link). The evidence 
indicates that dicoumarol depresses the production of prothrombin by 
preventing the utilization of vitamin K by the liver. It is apparently 
a vitamin-K antagonist. The hypoprothrombinemia of dicoumarol 
poisoning can be relieved to some extent by the feeding of vitamin K. 

Other coumarin compounds with anticoagulant properties have 
been prepared (Scegers, 1951). 

A Bleeding Disease in Swine. A bleeding disease occurring in a 
strain of swine has been described by Hogan and co-workers, Bogart 
and Muhrcr, and Mcrtz. The affected animals may bleed to death 
from slight wounds or from apparently spontaneous hemorrhages. The 
disease is much like the condition in man known as hemophilia. In 
swine, however, both sexes have the defect and both transmit it, 
whereas in man hemophilia affects only males and is transmitted only 
through females. The whole-blood coagulation time and the saline 
bleeding time are greatly prolonged. The blood platelets are normal 
in number, but they disintegrate more slowly than normal. Capillary 
resistance, measured by a suction device applied to the intact skin, 
is abnormally low, and there is evidence of other blood-vessel defects. 

Hemophilia in Dogs. A bleeding disease in a family of dogs has 
been reported by Field, Rickard, and Hutt. The tendency to bleed 
appeared only in males and was transmitted ns a sex-linked, reces¬ 
sive character. Tbe coagulation time was greatly prolonged, but the 
bleeding time, clot-retraction time, prothrombin time, and platelet 
count were normal. The authors concluded that the condition was 
hemophilia. Further studies of this condition have been made (Graham 
and co-workers). The coagulation defect appears to be caused by a 
deficiency of a plasma factor that normally, in the presence of platelets, 
makes thromboplastin available in the clotting process. The clotting 
defect appears to be identical with that seen in human hemophilia. 
Transfusions with normal blood or plasma had a corrective action 
on the clotting defect. Normal and hemophilic serums were ineffective. 
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BLOOD VOLUME 

It is impossible to determine the volume of blood in the body 
merely by bleeding the animal to death, for much blood is left in the 
blood vessels even after the animal dies of hemorrhage. The blood 
vessels must therefore be washed out thoroughly and the amount of 
blood represented by the washings must be added to that removed by 
bleeding. This gives the total amount of blood in the body, which may 
be expressed as a percentage of body weight. Such is essentially the 
method of Welcker. It is also known as the direct, or wash-out, method. 
Some average blood volume values (expressed as a percentage of body 
weight) obtained by this method are as follows (Reichert and Brown) : 


Horse 

9.7 

Dog 

7.2 

Bullock 

7.7 

Cat 

6.5 

Sheep 

8.0 

Rabbit 

6.2 

Goat 

6.2 

Birds 

8.0 


By an improved Welcker method Barlow and Biskind found the 
blood volume of pigeons to be 6.5 per ceni of the body weight. 

Numerous indirect or bloodless methods of estimating blood volume 
have been devised. In the usual indirect methods one determines (1) 
the plasma volume by injecting a foreign substance (dye) into the 
blood and estimating the dilution which it has undergone in the plasma 
or (2) the erythrocyte volume (a) by injecting a substance which 
becomes incorporated into the erythrocyte mass in vivo (for example, 
radioactive phosphorus) or (6) by injecting red cells previously tagged, 
either in vitro with radioactive phosphorus or methemoglobin, or in 
a donor animal with an isotope of iron, and measuring the dilution 
undergone by the tagged erythrocytes. 

Having measured the plasma volume or the erythrocyte volume 
by a dilution method, one calculates blood volume by use of the ratio 
of plasma and erythrocytes as determined by a hematocrit reading. 

If it is the plasma volume that has been determined, the blood 
volume is calculated as follows: 


Blood 
The cell volu 


Plasma volume X 100 
volume =---- 

Plasma per cent (hematocrit) 
me ran also be calculated: 


Cell volume = Plasma volume X cell per cent (hem atocrit) 

Plasma per cent (hematocrit) 

If it is the red cell volume that has been determined by means of 
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tagged erythrocytes, blood volume and plasma volume are calculated 
by the same principles. 

In modern work the dye commonly used in plasma-volume meas¬ 
urements is the blue dye T-1824. 

Discrepancies between blood volumes determined by plasma dye 
methods and blood volumes determined by tagged erythrocyte meth¬ 
ods have been reported. Blood volume estimates in dogs and rabbits 
by bleeding and dye methods, applied concurrently, have been made 
by McLain, Rube, and Kruse. The dye methods yielded higher re¬ 
sults. Discussions of tlie various differences observed arc given. Dis¬ 
cussions and criticisms of blood volume methods are given by Wintrobe 
(1951), by Wiggers (1949), and by Sjdstrand. The last author de¬ 
scribes an improved carbon monoxide method for determining blood 
volume. 

Using a dye method in cattle, Miller obtained an average blood 
volume of approximately 6.7 per cent of body weight. Using the same 
method in sheep, Baker obtained an average value of approximately 
6.8 per cent. 

In growing dairy cattle Turner and Herman, using a dye method, 
found an average blood volume of 5.81 per cent of body weight; in 
nonlaetating cows, 6.38 per cent; and in laetating cows, 8.11 per cent. 
T1 ic plasma values were 3.5, 3.78, and 4.92 per cent, respectively. By 
the “drain-out” method the average blood volume was found to be 4.13 



Fir. 12.—Relation between volume and body weight in dogs. 
(From Courtice, Journal of Physiology, 1043, 102.) 
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Fig. 13. —Relation between blood volume and body weight in goats. 
(From Courtic e, Journal of Physiology, 1943, 102.) 


per cent of body weight. This low value is explained by the fact that 
all the blood of the body cannot be recovered by the drain-out method; 
the heart stops while there is still a good deal of blood in the body. 

By use of the dye T-1824, Courtice estimated the blood volume in 
a number of normal rabbits, dogs, goats, and horses. The mean values 
are, respectively, plasma volumes, 50, 54, 53, and 51 ml. per kilogram 
of body weight; blood volumes, 70, 79, 70, and 72 ml. per kilogram. 
The blood volume in these animals, varying greatly in size, was found 
to be proportional to the body weight and not to the body surface 
area. The values for dogs and goats are shown in Figs. 12 and 13. Four 

highly trained greyhounds had much higher blood volumes due to 
greater cell volumes. 

With the same dye Bonnycastle determined plasma volume, blood 

volume, and total available fluid in normal dogs and also summarized 

the results of other investigators. Most of the results on total blood 

volume (ml. per kg.) are somewhat higher than those reported bv 
Courtice. J 

Hahn has prepared a chart from which the red cell mass (in ml.) 

of dogs can be estimated if the jugular hematocrit value and the bodv 
weight are known. y 
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Blood volume measurements in swine have been made by the 
labeled erythrocyte method, the red cells being marked in vitro with 
P ■ (Hansard and co-workers). The average blood volume obtained for 
all the pigs, ranging in weight from 8 to 370 pounds, was 7.4 ml. per 
100 gm. of body weight. I he larger animals had smaller values, there 
being a regular decrease in values in animals ranging in weight from 
10 to 344 pounds. Probably the increased amount of fat in the bodies 
of the larger animals accounts for this. 

Blood volume determinations in chickens have been made by use 
of 1-1824 (Newell and ShafTner). The blood volume of females was 
found to increase in straight-line relation to body weight between 400 
and 1200 gm. Above 1200 gm. the increments of body weight were 
accompanied by smaller increments of blood. This caused a leveling 
ofT of the curve expressing the relationship between blood volume and 
body weight. In male birds this leveling ofT did not occur. The ex¬ 
planation of the difference probably lies in the fact that male birds 
do not deposit as much fat in the body as do the females. In young 
chickens of either sex the blood volume was about 10 per cent of body 
weight. These same investigators measured blood loss by chickens 
during the bleeding phase of the killing operation. They found blood 
losses between 35 and 50 per cent, of the total blood in the body. 

Using a dye method, Pappenheimcr and co-workers studied plasma 
and blood volumes in chicks ranging in age from 1 to 50 days. In nor¬ 
mal chicks the average plasma volume was 5.5 ml. per 100 gm. of body 
weight; the average blood volume, 8.3 ml. per 100 gm. In chicks show¬ 
ing the disease known as nutritional enccphalomalacia, plasma and 
blood volumes were not significantly affected. 

The volumes of blood, plasma, and corpuscles per kilogram of body 
weight of lambs at different ages are shown in Fig. 14. The changes in 
the volume of blood, plasma, corpuscles, and other factors in a preg¬ 
nant sheep are shown in Fig. 15. 

The blood volume of birds is discussed in the book by Sturkie. 

Blood Loss. Hemorrhage in dogs up to 2 per cent of body weight, 
or about 25 per cent of the total blood volume, usually causes no 
serious physiological effect (Meek and Eyster). Ivy and co-workers 
studied the effect of massive hemorrhage on dogs (with local anes¬ 
thesia) by inserting a glass cannula into the central (heart) end of a 
carotid artery and letting the animals bleed as much as they would. 
Bleeding ceased in 7 to 15 or 20 minutes. Under these conditions the 
dogs lost 45 to 67 per cent of their estimated total blood volume. Most 
of the dogs so treated (85 per cent) died unless the blood loss was 
replaced by injections of blood or plasma volume expanders. It is remark- 
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Age in Days 

Fio. 14.—Volumes of blood, plasma, and corpuscles per kilogram of body weight at 
different ages. Lambs. Ordinates, ml./kg. body weight. Abscissa, age in days. Note 
that the fluctuations of the plasma are greater than those of the corpuscles. (Re¬ 
drawn and slightly modified from Gotsev, Journal of Physiology , 1938-39, 94.) 

able, however, that 15 per cent of the dogs losing such large amounts 
of blood survived without transfusions. This means that an occasional 
dog can suffer a blood loss equal to two-thirds of the estimated blood 
volume and recover without transfusion. 

The variability and unpredictability of the arterial bleeding volume 
of different dogs has been emphasized by Wang and co-workers. In 
the same dog it is remarkably constant, as determined at two differ¬ 
ent bleedings a week apart. The average bleeding volume for the first 
bleedings was 59.7 per cent of the measured blood volume and for the 
second bleedings 60.4 per cent. The range was 41.5 to 73.8 per cent. 
Expressed as a percentage of body weight, the bleeding volume was 
found to average about 5.7 per cent. In additional studies Wang and 
Walcott found that geneial anesthesia did not significantly change 

the second bleeding volume as compared to the first done under local 
anesthesia. 



64 


PHYSIOLOGY OF DOMESTIC ANIMALS 



Fio. 15.—Total blood volume, hematocrit readings, plasma volume, cellular volume, 
and body weight of a pregnant sheep. Note the rise in blood volume and plasma 
volume as pregnancy advances. The cellular volume falls slightly; hence the 
increase in blood volume is accounted for by an increase in plasma volume. 
(Redrawn and slightly modified from Barcroft, Kennedy, and Mason, Journal of 
Physiology, 1930, 95.) 

The maximum degree of acute hemorrhage that the (anesthetized) 
rat can tolerate is about 3.5 per cent of body weight (Zweifach, Lowen- 
stein, and Chambers). 

Plasma Volume Expanders. When the volume of the circulating 
blood is reduced, as after hemorrhage and during shock, the best 
single agent for replacement therapy is whole blood. Because whole 
blood may not be available, especially in emergencies, search has been 
made for “blood substitutes” or, more accurately expressed, “plasma 
volume extenders” or “plasma volume expanders.” 

Isotonic sodium chloride solution (0.9 per cent) has been exten¬ 
sively studied in this connection. While this solution is inferior to the 
colloidal plasma volume expanders, recent work shows that the in¬ 
fusion of large amounts of saline (15 to 20 per cent of body weight), 
as after massive hemorrhage, has definite value. The diluting effect of 
saline on the plasma proteins, thereby tending to cause the passage of 
an excessive amount of water from the blood into the tissues, is not 
now regarded as being as serious an objection to the use of saline 
intravenously as was formerly thought. Ivy and co-workers showed 
that injections of 0.9 per cent of sodium chloride into dogs after severe 
blood loss caused a significant reduction in mortality as compared with 
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the untreated group. Reynolds has confirmed the favorable effects of 
injections of large amounts of isotonic saline after severe hemorrhage 
in dogs and has analyzed the accompanying circulatory changes. 

Hypertonic saline and glucose solutions are also used, but there 
is no certainty that the strong glucose solutions sometimes employed 
(35 per cent or more) in cases of reduced blood volume have any 
advantage over isotonic glucose solutions as plasma volume ex¬ 
panders. 

Because of the larger size of their molecules, colloids pass through 
the capillary endothelium less readily than crystalloids and therefore 
hold water in the blood vessels by reason of their osmotic pressure 
(p. 69). A number of colloidal solutions have been studied as plasma 
volume expanders. Acacia, pectin, oxypolygelatin, and the glucose 
polysaccharide dextran, each in saline, are examples. Dextran has 
been extensively studied recently and its use is increasing. A 6 per 
cent solution in saline is employed. Part of the injected dextran is 
excreted in the urine and part is apparently metabolized after con¬ 
version to substances normally found in the body. 
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Their nutrition is maintained through the intermediation of a fluid 
formed from the blood and termed tissue fluid. This fluid has been 
described as a middleman between the blood and tissues. It enables 
oxygen and nutrient materials to pass from the blood to the tissues and 
carbon dioxide and other waste products to pass from the tissues to the 
blood. Fluid in the tissue spaces may be returned to the blood capil¬ 
laries directly, or it may be drained away as lymph by a system of 
lymph channels. These begin in the tissues as blind lymph capillaries, 
similar in structure to blood capillaries. By the convergence of lymph 
capillaries, smaller lymph vessels are formed, and these in turn unite 
to form larger lymph vessels. The structure of lymph vessels is similar 
to that of veins, although the former have thinner walls. Ultimately 
all lymph vessels drain into either the thoracic duct or the right lym¬ 
phatic duct, which empty into the venous system anterior to the heart. 
Lymph from the right side of the head and neck, the right foreleg, and 
the right side of the thorax is returned to the venous system by the 
right lymphatic duct; that from the rest of the body, by the thoracic 
duct. Upon entering the blood the lymph becomes a part of the blood, 
its identity as lymph being lost. 

As is discussed elsewhere (Chapter VII), many of the blood vessels 
of the body are under motor control. The thoracic duct is also under 
motor control. Acetylcholine causes a constrictor effect on the duct, 
adrenaline a dilator effect. Stimulation of the vagus nerve causes, like 
acetylcholine, a constrictor effect (Acevedo). 

Function of Lymph Nodes. Lymph on its way to the blood stream 
via the system of lymph vessels apparently must pass through at 
least one lymph node. In many instances more than one node is 
encountered. It. is generally agreed that lymph nodes have at least 
two functions. One of these is the production of lymphocytes, of which 
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the lymph nodes contain large numbers. These cells are added to the 
lymph current as it slowly passes through the node. Lymph contains 
very few cells until a lymph node is traversed. 

Another function of lymph nodes is to stop foreign material that 
comes to them in the lymph. This filtration is believed to be accom¬ 
plished mechanically and by the phagocytic activity of the reticulo¬ 
endothelial cells. Experiments of Drinker, Field, and Ward indicate 
that normal lymph nodes are very efficient filters. This was determined 
in anesthetized dogs by perfusion of nodes with solutions containing 
erythrocytes and streptococci. The “efficiency was so great as to make 
it fairly certain that in a part kept at rest early in an infection 
practically no microorganisms would escape the nodes in the line of 
drainage.” 

In gallinaceous birds and pigeons lymph nodes are absent. In swim¬ 
ming birds they are present but not numerous. The bone marrow of 
birds contains numerous nodules of lymphoid tissue, apparently to 
compensate for the absence of lymph nodes in these species (Jordon). 
These medullary lymph nodules increase in number following splen¬ 
ectomy (Jordon and Robeson). 

INTERSTITIAL, EXTRACELLULAR, AND 
INTRACELLULAR FLUIDS 

Tissue fluid and lymph make up what is termed the interstitial 
fluid. Blood plasma and interstitial fluid comprise the extracellular 
fluid of the body. Blood plasma makes up about 5 per cent of the body 
weight and interstitial fluid about 15 per cent. In addition, there is 
the very important intracellular fluid, that found within the cells 
themselves. It makes up about 50 per cent of the body weight. Thus 
the total body fluids account for some 70 per cent of the body weight 
(p. 471). 

COMPOSITION OF LYMPH 

Although in these discussions tissue fluid and lymph proper, that is, 
the fluid in the lymph vessels, are assumed to be of the same composi¬ 
tion (Drinker and YofTey), there is no proof that such is the case. The 
difficulty involved is not that of obtaining samples of lymph. These 
can be collected by insertion of a cannula into the thoracic duct or 
other lymph vessel. The problem is one of obtaining a sample of pure 
tissue fluid under perfectly normal conditions. Many attempts have 
been made, but it is difficult to be certain that the samp.e obtained is 
not contaminated with other fluids. The work of Maurer on the isola¬ 
tion and analysis of extracellular muscle fluid may be cited. 

Lymph, derived largely from the blood, is similar in composition 
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to blood plasma. The plasma of the blood passes through the thin wall 
of the blood capillaries, enters the tissue spaces, and becomes tissue 
fluid or lymph. 1 lie cells of the tissues themselves also contribute some¬ 
what to the composition of lymph, for there is interchange between the 
intracellular fluid and the tissue fluid. In this way the cells rid them¬ 
selves of waste products of metabolism and absorb foodstuffs. 

The composition of lymph varies with the state of activity of the 
digestive organs; lymph derived from the intestine during fat absorp¬ 
tion has a milky appearance because of the fat that it contains and 
is known as chyle. Ordinarily lymph is a clear, colorless, watery liquid 
having a specific gravity of about 1.015. It contains a few red cells 
normally, and lymphocytes are present. The latter cells are more 
abundant in lymph that has passed through lymphoid tissue. Whether 
or not monocytes arc present is uncertain. Neutrophilic leukocytes are 


'I'able 8. Protein Content of Blood Sebum and Lymph 


Species 

Source of Lymph 

Protein (gin. 

per 100 ml.) 

Serum 

Lymph 

Lamb. 

Cervical lymphatics 

5.81 

3.04 

Log. 

Thoracic duct 


4.00 

Log. 

Cervical lymphatics 


3.63 

Log. 

Leg lymphatics 

6.46 

1 .91 

Log 

Intestinal lymphatics 

6.23 

3.98 

Log. 

Liver lymphatics 

G. 34 

5.32 

Rabbit. 

Thoracic duct 

_ 

3 53 

Monkey. 

Cervical lymphatics 

5.12 

3.48 

Man. 

Deep pelvic lymphatics 

7.8 

5.5 


(DatA from Drinker and YofToy.) 


ordinarily absent; however, they may be present in great numbers in 
infections. Platelets are said to be absent; nevertheless lymph will 
clot, though feebly. The liquid part after clotting has occurred is desig¬ 
nated as lymph serum. Lymph contains water, gases, proteins, non¬ 
protein nitrogenous substances, glucose, inorganic substances, hor¬ 
mones, enzymes, vitamins, and immune substances. The proteins are 
the same in kind as in blood plasma but the amount is less. This is 
especially true of lymph from the limbs, for the capillary walls in 
these regions are less permeable to the blood proteins than in other 
regions. The protein content of lymph from different species and differ¬ 
ent lymphatics is shown in Table 8. Values are also given for the pro¬ 
tein content of blood serum. 

A study has been reported of the rate of flow and the normal 
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composition of the lymph from the forelegs of calves. The percentage 
of protein in the blood serum varied from 5.4 to 6.7, in the lymph from 
2.2 to 3.1 (Glenn, Muus, and Drinker). 

Since lymph is formed from blood by physical forces, one would 
expect to find the crystalloid content of lymph and of blood plasma 
to be very similar. Analyses reveal that this is true. There are some 
small quantitative differences, however, in the electrolyte pattern 
which are determined by the lower protein content of lymph. Thus 
lymph shows higher chloride and bicarbonate concentrations than does 
serum (Drinker and Yoffey). It is probable that these differences are 
explainable in terms of the Donnan equilibrium. The freezing point of 
lymph is substantially the same as that of blood serum. The pH of 
lymph (cervical) is slightly higher than that of plasma. 


FORMATION OF LYMPH 


Two principal views have been held regarding the mechanism oi 
lymph formation. One is a physical view and the other may be desig¬ 
nated as a secretory or physicosecretory view. Modern opinion and evi¬ 
dence are decidedly in favor of the physical view. According to this 
the known facts regarding the formation of lymph can be explained 
on the basis of hydrostatic, osmotic, filtration, and diffusion pressures, 
and probably other physical or physicochemical processes. Few modern 
physiologists find it necessary to assume a secretory activity of the 
capillary or tissue cells in lymph production. Practically all workers 
feel that further progress will come along the physical or physico¬ 
chemical pathways. The basis of our present concepts regarding the 
formation of lymph may be found in the researches and writings of 

Starling, Bayliss, Krogh, McLean, Landis, Drinker and co-workers, 
and others. 


The hydrostatic pressure in the capillaries is the capillary pressure, 
and it is an important force in the exchange of fluid between the 
blood and the tissue spaces. At the arterial end of the capillary the 
capillary pressure is equal to some 35 mm. Hg, whereas at the venous 
end it has fallen to perhaps 15 mm. Hg. Capillary pressure tends to 
drive water and dissolved substances through the capillary wall but 
it is counteracted to a large degree by the osmotic pressure of the 
plasma proteins. These, because of their large molecular size, cannot 
readily pass through the capillary wall. Crystalloids, such as inorganic 
salts urea, glucose, and other small molecules, easily pass through the 
membrane and therefore do not exert an effective osmotic pressure 
vwthin the capillary. The pioneer work of Starling and the subseouent 
researches of other investigators have shown that the plasma proteins 
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possess a low but relatively constant osmotic pressure of about 22 mm. 
Hg It lias been calculated that nearly 80 per cent of the colloid osmotic 
pressure of the blood is due to the albumins, which are more abundant 
and of smaller molecular size than the globulins (Cohn). The osmotic 
pressure of the plasma proteins increases slightly as the blood traverses 
the capillary because water passes out and the concentration of the 
protein therefore rises. 

In arriving at a conception of the operation of hydrostatic and 
osmotic pressures in lymph production, account must be taken not 
only of these pressures within the capillaries but also of the same 
forces in the interstitial spaces. In these spaces there is a small hydro¬ 
static pressure known as the tissue pressure. Attempts to determine 
the magnitude of this pressure have not been very successful. In sub¬ 
cutaneous tissues it apparently ranges from 0 to 6 mm. Hg. Intra¬ 
muscular pressure during muscular contraction may be much higher 
(Wells, Youmans, and Miller; sec also p. 700). Intramuscular pressure 
in anesthetized dogs has been recorded at 4 to 5 nun. Hg. 

Permeability of the capillary wall to the plasma proteins is not 
the same in all situations in the body and under all conditions. Liver 
capillaries appear to be especially permeable, whereas limb capillaries 
are much less so. As a result of this differential permeability, a vari¬ 
able amount of protein passes through the capillary wall into the tissue 
spaces. The magnitude of the osmotic pressure exerted by this protein 
obviously varies with the protein content of the tissue fluid, but a value 
of 8 mm. Hg may be taken for illustration. As to changes in the 
permeability of the wall of individual capillaries, not a great deal of 
positive information is available. Products of metabolism entering 
the capillaries are thought to enhance their permeability, and dilata¬ 
tion of the capillaries, however brought about (p. 213), would doubt¬ 
less increase their permeability. 

The relation of these various pressures at the arterial and venous 
ends of the capillary may be summarized as in Tabic 9. Filtration 
therefore occurs at the arterial end of the capillary’ and absorption 
at the venous end. 

Hemorrhage causes a lowering of the capillary pressure but not 
the osmotic pressure of the blood colloids. This is believed to be an im¬ 
portant factor in determining increased absorption from the tissues 
into the blood after blood loss. Physiological salt solution injected into 
the blood stream, as after hemorrhage, increases the capillary pres¬ 
sure while lowering the osmotic pressure of the plasma proteins. 
Increased filtration results. This is the reason why physiological salt 
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Table 9. Interchange Between Blood and Tissue Fluid 

Blood Tissue fluid 

Capillary pressure =35 mm. llg I Tissue pressure = 5 mm. Hg 


Effective hydrostatic pressure 
(35 — 5) =30 mm. Jig 


Osmotic pressure = 22 mm. Hg | Osmotic pressure = 8 mm. Hg 

Effective osmotic pressure 
(22-8) = 14 mm. Ilg 

Filtration force (30 —14) = 10 mm. Hg 

Capillary pressure = 15 mm. Hg Tissue pressure = 5 mm. Hg 


Effective hydrostatic pressure 
(15— 5) = 10 mm. Ifg — 


Osmotic pressure =25 mm. Hg | Osmotic pressure =8 mm. Hg 

Effective osmotic pressure 
(25 —8) =17 mm. Hg 

Absorbing force (17 — 10) =7 mm. Hg 

solution is not as well retained in the vascular system as are solutions 
containing colloidal material. 

Another factor in lymph production is tissue activity. This involves 
the breaking down of large molecules into numerous smaller ones. 
These diffuse into the tissue spaces and increase the diffusion pressure 
of the tissue fluid. This causes diffusion currents to be set up from the 

blood to the tissues, with the result that the amount of the tissue 
fluid is increased. 

Modern studies of capillary permeability and the passage of mole¬ 
cules through capillary walls emphasize the importance of diffusion 
in the interchanges that go on between the blood and tissue fluid. Dif¬ 
fusion is held to be the principal way whereby small molecules (water, 
aCl, urea, glucose) are exchanged between plasma and tissue fluid. 
Extremely rapid rates of transfer have been observed by the use 
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of tracer technics. For example, by use of deuterium oxide as a tracer 
for water movement, it lias been shown by Fogelman and co-workers 
that “a dog weighing 10 kg. and having 7 liters of body water would 
exchange 570 gallons or 18.4 barrels of water across its capillary 
surface in either direction per day.” Studies such as these are requiring 
a reassessment of our ideas on the passage of molecules through the 
capillary membrane and may lead to modifications of the traditional 
concepts of the importance of filtration and absorption in this process. 
Probably filtration and absorption, dependent upon the difference be¬ 
tween hydrostatic and osmotic pressures, account for bulk flow across 
the capillary membrane (that is, flow in which water and solutes exist 
in the same proportion as in plasma), whereas diffusion may be the 
main way in which small molecules are transported. Further informa¬ 
tion may be obtained from other sources (Pappenheimer; Pinson; 
Flexner, Cowie, and Vosburgh). 

FLOW OF LYMPH 

Tissue fluid is in communication with the blood in the capillaries, 
the intracellular fluid, and the lymph in the lymph capillaries. The 
latter remove from the tissue spaces materials that do not or cannot 
enter the blood capillaries. Water and crystalloids can move either 
way. Particulate matter and large molecules such as proteins and lipids 
cannot enter the blood capillaries but can penetrate the much more 
permeable walls of the lymph capillaries (Peters, Drinker). The flow 
of lymph in the lymph vessels is sluggish and in one direction only— 
from the tissues toward the heart. The factors concerned in lymph 
flow are : (1) the difference in pressure at the two ends of the lymph 
system; (2) the massaging effect of muscular movements; and (3) the 
presence in the lymph vessels of valves, which permit flow in one direc¬ 
tion only. 

With reference to the first factor, the pressure in the lymph capil¬ 
laries is higher than the pressure at the entrance of the thoracic duct 
into the venous system. The latter pressure is still further lowered at 
every inspiration by the aspiratory action of the thorax. Fymph there¬ 
fore flows toward the venous system. The flow of lymph toward the 
thorax is further augmented, during inspiration, by the backward 
movement of the diaphragm, which increases the pressure in the ab¬ 
domen and thus assists in emptying its lymphatics toward the thorax. 
The second and third factors are of importance in lymph flow. The 
lymph vessels have very thin walls. It follows, therefore, that any 
outside pressure, such as that produced by the contraction of skeletal 
or visceral muscle, will tend to compress their walls and thus to force 
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lymph toward the heart, back flow being prevented by valves in the 
vessels. 

Edema. Whenever the production of lymph is in excess of its re¬ 
moval from the tissues, an accumulation of lymph results, and the 
condition is known as edema or dropsy. Following are primary and 
contributory factors in the production of edema; primary—(1) in- 
cieased capillary pressure, (2) lowered osmotic pressure of the blood 
colloids, (3) injury to the capillary wall, (4) impaired drainage of 
lymph; contributory—(1) low tissue pressure, (2) high salt intake, (3) 
high intake of fluid, (4) warm environmental temperature, (5) dis- 
turbances of innervation (Landis, 1937). 


CEREBROSPINAL FLUID 

Meninges and the Cerebrospinal Pathway. The meninges are 
the membranes surrounding the brain and spinal cord. The outer¬ 
most of these coverings is the thick, fibrous dura mater. Beneath this 
is the delicate subdural space, containing a film of fluid. Forming the 
inner wall of this space is the arachnoid, which sends, from its inner 
surface, numerous delicate trabeculae into the extensive subarachnoid 
space. These trabeculae extend down to the pia mater, a highly vascu¬ 
lar membrane closely investing the spinal cord and brain and adhering 
to them. The two innermost membranes, the arachnoid and pia mater. 

are sometimes collectively designated as the leptomeninges or nia- 
arachnoid. 

The subarachnoid space, its perivascular extensions, the ventricles 
of the brain, and the central canal of the spinal cord collectively con¬ 
stitute the cerebrospinal pathway, which contains the cerebrospinal 
luid. The subdural space has no anatomical and probably no physio- 
ogic&l connection with the subarachnoid space. 

Properties of the Cerebrospinal Fluid. Derived from the blood 
cerebrospinal fluid is thin and watery and normally contains no con¬ 
stituents not present in blood. Fibrinogen and some other substances 
with large molecules (lipids, most enzymes, etc.) are absent from cere¬ 
brospinal fluid, but it contains a very small amount of protein. Most 
crystalloids present in blood are also present in cerebrospinal fluid but 
m many instances in reduced amounts. Sodium, potassium, urea and 
possibly glucose are present in approximately equal amounts in the 
two fluids, and the latter have the same pH. Chlorides predominate in 
cerebrospinal fluid. This fluid normally contains no cellular element* 

except a few lymphocytes. In certain pathological conditions leuko¬ 
cytes may be present. 

Studies of the cerebrospinal fluid of normal cattle (Carmichael and 
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Jones) indicate the following average composition (mg. per 100 ml. of 
the fluid): total protein, 34; glucose, 37; chlorides (as NaCI), 685; 
urea nitrogen, 11; nonprotein nitrogen, 16; creatinine, 1.4; calcium, 5.5. 
The pH of the cerebrospinal fluid of cattle is 7.4 to 7.6, the specific 
gravity 1.006 to 1.007 (Fedotov). Studies of the composition of the 
cerebrospinal fluid of horses have been made (Fedotov). 


Arachnoid 
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Fig. 16.—Schematic representation of the arachnoid membrane, pia mater, and 
nervous tissue to show the relations of tlie subarachnoid, perivascular, and peri- 
neuronal spaces. (Weed; from Wislocki, “The Cytology of the Cerebrospinal 
Pathway,” in Cowdry, Special Cytology, Paul B. Hoeber, Inc.) 


Origin and Circulation. The cerebrospinal fluid comes from the 
blood. A large amount of morphological and experimental evidence 
indicates that the principal site of its elaboration is the choroid 
plexuses of the ventricles of the brain (Weed, 1922; Fremont-Smith). 
In addition to the quota of liquid derived from this source, a small 
amount is derived from the perivascular and perincuronal spaces of 
the brain. These are delicate spaces surrounding the blood vessels 
and nerve cells and communicating with the subarachnoid space (Fig. 
16). The production of cerebrospinal fluid is continuous. 

The choroid plexuses consist of very vascular cores covered with a 
single layer of epithelial cells. How these plexuses give origin to the 
cerebrospinal fluid is not entirely known. Some workers maintain that 
the process is one of active secretion; others believe that it is es¬ 
sentially one of filtration, in which the filtering force is equal to the 
blood pressure in the capillaries of the choroid plexus less the osmotic 
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pressure of the blood colloids and the cerebrospinal fluid pressure 
(Menninger, Fremont-Smith). On the basis of the latter view, the 
mechanism would be similar to that employed in lymph production 
and in the initial formation of urine. From thermodynamic considera¬ 
tions of the existing evidence Flexner concluded that cerebrospinal 
fluid is a secretion and not a dialyzate or an ultrafiltrate. He stated 
that “the pressure in the capillaries of the choroid plexus is too small 
to account for the free energy change which takes place in the forma¬ 
tion of the fluid.” It is at present impossible to say definitively which 
view is correct. Possibly physical forces as well as secretory activity 
are concerned. 

1 he cerebrospinal fluid from the lateral and third ventricles enters 
the fourth ventricle, from which it passes out through the roof into the 
subarachnoid space. Three foramina are described in the roof of 
the fourth ventricle, but all three may be artifacts. If the latter is 
true, the fluid would have to pass through an intact membrane. After 
entering the subarachnoid space, the ventricular fluid passes downward 
in the spinal subarachnoid space and upward over the brain, mixing, as 
it flows, with the fluid derived from the perivascular and perineuronal 
spaces. Its movement is facilitated by the pulsations transmitted from 
the blood vessels. In the central canal of the spinal cord, the ventricles 
of the brain, and the subarachnoid space, therefore, the cerebrospinal 
fluid slowly circulates. 

Pressure. The cerebrospinal fluid pressure has been measured in 
different species. A common method is to insert a needle into the 
cistema magna and to connect the needle to a manometer containing 
Ringer's solution or physiological saline. In anesthetized dogs pressures 
of 110 to 120 mm. Ringer’s solution are commonly seen. In young cattle 
pressures ranging from 80 to 150 mm. saline, with an average of 
105 mm., have been observed. In vitamin-A deficiency in young bovines 
the cerebrospinal fluid pressure is elevated; at the terminal stage pres¬ 
sures 4 to 6 times the normal may be seen (Moore and Sykes, 1940 
1941; Sykes and Moore). In anesthetized pigs, 50 to 100 pounds in 
weight, an average pressure of 110 mm. of cerebrospinal fluid has been 
observed. The range was 80 to 145 mm. Pigs deficient in vitamin A 
showed higher pressures (Sorensen and co-workers). 

Considerably higher pressures have been found in horses than in 
other normal animals (Fedotov). 

Absorption. The constant formation of cerebrospinal fluid implies 
its constant absorption. As it circulates in the subarachnoid spaces 
it is brought into contact with the tiny arachnoid villi, through which 
it is removed into the adjacent venous sinuses. These villi are projec- 
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lions from the arachnoid through the dura mater into the dural venous 
sinuses (Fig. 17). It is through these villi that the cerebrospinal fluid 
is forced into the venous blood of the sinuses. That the major part of 
the liquid is removed in this way is evident from the anatomical and 
experimental studies of Weed. In addition, a much less important slow 
drainage has been demonstrated to occur, by way of the perineural 
spaces of the spinal and cranial nerves, to the lymphatic vessels. 

The force concerned in the absorption of cerebrospinal fluid appears 
to be derived from the subarachnoid pressure and the osmotic pressure 
of the blood colloids less the opposing intracranial venous pressure 
(Weed, 1935). 

Amount and Rate of Formation. The amount of the cerebrospinal 
fluid in man is some GO to 80 ml. By cisternal puncture in horses, 170 
to 300 ml. of fluid can be obtained at a time (Fedotov). It is easy to 



Arachnoid trabecula. Arachnoid villus. Dura mater. 


5ubarachnoid space. 


Falx cerebri 


Cortex cerebri. 


Fia. 17.—Schematic representation of the meninges and cerebral cortex to show 
the relation of an arachnoid villus to a dural venous sinus. (Weed; from Wislocki, 
“The Cytology of the Cerebrospinal Pathway,” in Cowdry, Special Cytology, 
Paul B. Hoeber, Inc.) 


obtain a considerable amount of fluid by cisternal puncture in the dog. 

In measurements of the rate of formation of cerebrospinal fluid 
in dogs, by open drainage from the cisterna mngna, an average rate 
of 96 ml. per 24 hours for a dog weighing 20 kg. has been found 
(Greenberg and co-workers). This is about 0.2 ml. per kilogram per 
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hour. Rates obtained by open drainage probably are not the same as 
those in the intact animal. Because of the difficulties involved, rates 
for the intact animal have not been determined. 

Functions. Filling the central canal of the spinal cord, tlie ven¬ 
tricles of the brain, and the subarachnoid space, the cerebrospinal 
fluid serves as a watery cushion for the brain and the spinal cord. This 
is its best-known and perhaps most important function. Another func¬ 
tion of the licjuid is related to the presence of the perivascular and peri- 
neuronal spaces. In lieu of a true lymphatic system, the central nervous 
system seems to use these channels for the elimination of fluid into the 
subarachnoid space. Lastly, changes in the amount of blood in the 
cranium are compensated for by changes in the amount of cerebro¬ 
spinal fluid. Thus the volume of the cranial contents remains constant. 

SYNOVIAL FLUID AND THE JOINT CAVITY 

Synovial fluid is the liquid contained in a joint cavity. The physical 
and chemical properties of the normal fluid and its method of forma¬ 
tion have not been extensively investigated. Recently Ropes, Bennett, 
and Bauer made a study of the synovial fluid obtained by aspiration 
from the tibiotarsal joint of young cattle. Samples of arterial blood 
for comparative study were also procured. The amount of fluid ob¬ 
tained from a single joint varied from 20 to 50 ml. The fluid was clear, 
straw-colored, and viscid. The average number of nucleated cells was 
131 per cubic millimeter. The relative viscosity was 3.72 on the aver¬ 
age. The average pH (7.31) was slightly lower than that of blood 
serum. The total protein content was about one per cent. The protein 
consisted mainly of albumin, but globulin and mucin were present. 
Fibrinogen was absent. Other studies show that the concentration of 
mucin varies greatly in the fluid from different joints. 

The composition of the fluid when compared to that of blood serum 
was such as to support the theory that synovial fluid is a dialyzate 
of the blood plasma. Anatomical studies of the subsynovial vascular 
supply accorded with this view. 

The origin of mucin was not determined. The suggestion was made 
that it is formed by the connective tissue cells surrounding the joint. 
There was evidence that mucin, in addition to its lubricating action, 
helps to regulate the exchange of water and other substances between 
the blood and the joint cavity. 

Other evidence suggests that the viscid substance in synovial 
fluid is the mucopolysaccharide hyaluronic acid and that it is formed 
by secretory activity of cells of the synovial tissue (Meyer, Gardner). 

Joseph and co-workers have made an in-vivo study, under various 
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conditions, of the pH of the knee-joint synovial fluid of dogs. 

Functions. The best-known function of synovial fluid is to lubri¬ 
cate the articular surfaces. Another function is to nourish the articu¬ 
lar cartilages. They lack a blood supply and therefore are dependent 
on synovial fluid for their metabolic exchanges. 

The physiology of articular structures is the subject of a review 
by Bauer, Ropes, and Waine. Gardner has reviewed the physiology 
of movable joints. 

Absorption from the Joint Cavity. This has been studied by 
Adkins and Davies, using the knee joint of the rabbit. True solutions, 
colloidal solutions, and fine suspensions arc removed from the joint 
cavity into the subsynovial tissues rather quickly. The rate of removal 
is proportional to the size of the particles. The experiments suggested 
that physical forces were mainly concerned in the removal. 

Particle size determines the route of removal of substances that 
have entered the subsynovial tissues. Small particles, as in true solu¬ 
tions, easily enter both the blood capillaries and the lymph capillaries, 
b»it most arc removed by the former. Small colloidal particles enter 
both kinds of capillary, but with less ease. Particles about the size of 
the globulin molecule are not taken into the blood capillaries at all, and 
only to a slight extent into the lymphatics. Particles of still larger 
size—for example, 100 millimicrons—have no route of removal from 
the subsynovial tissues. 

Absorption from the joint cavity is considered in the review bv 
Gardner. 
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PART II 

Circulation of the Blood 




Chapter IV 


HEART 


T HE heart is a hollow muscle situated in the middle mediastinal 
space. The mammalian heart has four chambers; the upper two are 
designated the atria, the lower two the ventricles. There is a com¬ 
plete septum between the two sides of the heart; there is, however, 
free communication between the atrium and ventricle on the same 
side. The right side of the heart is the venous or pulmonary side, the 
left the arterial or systemic side. The ventricular wall is much thicker 

than the atrial wall, and the left ventricular wall is much thicker 
than the right. 

The heart presents four valves, two on each side, whose function is 
to prevent backflow of blood. The valves between atria and ventricles, 
one on each side, guard the atrioventricular orifices and are designated 
the atrioventricular or A-V valves. The one on the left side is known 
also as the bicuspid or mitral valve; the one on the right side also as 
the tricuspid valve. A valve stands at the aortic orifice and one at the 

pulmonary orifice. These are known respectively as the aortic and the 
pulmonary valve. 

THE COURSE OF THE CIRCULATION 

If a given particle of blood could be followed from the moment it 
left a certain point in the circulation, say the left ventricle, until it 
ietumed to the same point, its general route would be found to be as 
follows: Leaving the left ventricle, it would enter the aorta, from 
which it would pass by a series of arteries, varying with the exact 
route taken, to a systemic capillary area. Traversing the capillaries, 
it would enter the venous system, by which it would return to the 
right atrium. From this point it would pass into the right ventricle 
and thence by way of the pulmonary artery (as venous blood) to the 
pu monary capillaries. Leaving these, it would return by way of the 
pulmonary veins (as arterial blood) to the left atrium, whence it would 
go to the left ventricle, thus completing the circuit. A diagram of the 
mammalian blood circulation is shown in Fig. 18. 
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RHYTHMICITY OF AND CONDUCTION IN THE HEART 

The Pacemaker. In tlie beat of the heart the normal sequence is 
contraction of the atria followed by contraction of the ventricles. The 
right atrium contracts a fraction of a second before the left, and all 
parts of the ventricular mass do not contract quite simultaneously. 

In the frog and other lower vertebrates the beat of the heart begins 
in a chamber designated as the sinus venosus, into which the great 
veins open; the sinus communicates freely with the right atrium. 



Fio. 18 .—Schematic representation of the mammalian blood circulation. For 
diagrammatic purposes the heart is shown as if rotated somewhat counterclock¬ 
wise sis viewed from above. The venous side of the circulation is shaded. R.A., 
right atrium; R.V., right ventricle; L.A., left atrium; L.V., left ventricle; GI.T., 
gastrointestinal tract; K, kidney; P.E., posterior extremities; P.V., portal vein; 
L, liver; H.V., hepatic veins; P.V.C., posterior vena cava; A.E., anterior extremi¬ 
ties; A.V.C., anterior vena cava; P.A., pulmonary artery; A, aorta; Lu., lungs; 
Pul.V., pulmonary veins. The systemic and pulmonary circulations are in series. 
The systemic circulation comprises many parallel shunts. 

That the sinus venosus is the place of origin of the heart beat in the 
frog is indicated by the observations of many workers. Stannius 
experiment is classical; a ligature is tied around the sinoatrial junc¬ 
tion, whereupon the atria and ventricle stop beating but the sinus 
continues to beat. 

In the hearts of mammals the principal remnants of the sinus 
venosus of lower vertebrates (and the embryo) are found in the wall 
of the right atrium between the openings of the anterior vena ca\ a 
and the coronary sinus. In this region there arc two special areas of 
modified cardiac muscle fibers, with some nervous tissue, known as 
the sinoatrial (S-A) node and the ntriovcntieular (A-V) node. The 
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beat of the heart begins in the S-A node. This node extends from about 
the root of the anterior vena cava to a point midway between this 
vessel and the coronary sinus. The node has been designated the pace¬ 
maker of the heart, and that the normal heart rhythm is dominated 
by the node is indicated by a number of facts such as the following: 
(1) Excision or destruction of the node causes the heart beat to cease 
or to become slower. (2) Slight changes of temperature in the region 
of the node cause alterations of the heart rate, whereas similar changes 
of temperature in surrounding places are ineffective. (3) By means of 
a delicate galvanometer or other detector of electrical change, electrical 
negativity—a never-failing manifestation of protoplasmic activity—- 
can be demonstrated to occur, during the heart beat, first at the 
sinoatrial node. (Evidence has, however, been adduced that tissue in 
the immediate vicinity of the node may also give origin to impulses for 
cardiac action.) 

In the mammalian embryo the sinoatrial portion of the heart 
dominates the contraction of the rest of the heart (Hall). 

Conduction. The excitatory impulses generated in the pacemaker 
spread to the atria, probably in a radial manner through the general 
atrial musculature; a structure analogous to the atrioventricular 
(A-V) bundle (by which the impulses pass from atria to ventricles) 
is not found in the atria of mammals, but special conduction tissue 
has been described in the atria of birds. The velocity of the impulse 

m the atria is comparatively low, varying between 0.8 and 1.2 meters 
per second. 

In the hearts of lower vertebrates there is direct muscular con¬ 
tinuity between the atria and ventricles. In the hearts of mammals, 
on the other hand, fibrous connective tissue is developed at the atrio- 
\entricular junction, into which tissue the musculature of the atria and 
ventricles is largely inserted. Years ago it was thought that this ring 
of connective tissue completely separated the musculature of the atria 
from that of the ventricles. It is now known that there is muscular 
connection between the upper and lower chambers. This connection 
is effected mainly by the A-V bundle (Fig. 19), which is composed 
chiefly of modified cardiac muscle cells. The bundle begins in the 
region of the coronary sinus. The fibers from this region converge 
toward a thickened area, the A-V node, which is situated at the base 
of the interatrial septum on the right side and near its posterior 
margin. From this node the bundle passes along the top of the septum 
between the ventricles and divides into two branches, one for the right 
ventricle and one for the left. These branches run under the endo- 
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cardium, dividing and redividing in a complex manner and forming 
an extensive arborization on the inner surface of the ventricular wall 
(Purkinje fibers). The arborization beneath the endocardium is es¬ 
pecially well seen in the fresh heart of ungulates. The subendocardial 
network is continued into the wall of the heart by an extensive myo¬ 
cardial Purkinje network whose fibers connect throughout the myo¬ 
cardium with the ordinary cardiac musculature. 

Some strands of Purkinje fibers 
cross the cavity of the right ventri¬ 
cle as a part of the “moderator” 
band. The histology of this band has 
been studied by Truex and Copen- 
haver, who found Purkinje fibers in 
all bands of sheep, pig, calf, and ox 
hearts. The incidence and size of the 
moderator bands in animals have 
been investigated by Truex and 
Warshaw. 

The atrioventricular conduction 
system of the ox heart, including its 
myocardial ramifications, has been 
studied by Cardwell and Abramson, 
who present a number of anatomi¬ 
cal illustrations of their injections 
and dissections of the heart. This 
system of the dog heart has been 
studied by Baird and Robb. Histo¬ 
logical study, reconstruction in wax, and gross dissections were carried 
out. Illustrations are given. Other recent morphological studies confirm 
the existence of the atrioventricular conduction system. Therefore, de¬ 
spite some claims to the contrary, there is no longer any serious doubt 
of the presence of this system in the heart. 

The function of the A-V node and bundle is to receive the excita¬ 
tory impulse from the atria and pass it to the ventricles. Although 
nerve fibers and nerve cells may form a part of the bundle, the evi¬ 
dence indicates that conduction in this structure is a muscular type of 
conduction. The conduction velocity in the bundle, 5 or 6 meters per 
second, is several times higher than in the atria. It is so rapid and the 
distribution of the bundle to the ventricles so complete that all por¬ 
tions of the ventricular mass are thrown into contraction nearly 

simultaneously. 

Conduction of the impulse through the A-V node is slower than 



Fio. 19.— Photograph of a model of the 
atrioventricular bundle of a calf’s 
heart. The complete network in the 
outer wall of the left ventricle is not 
shown. (From De Witt, Anatomical 
Record, published by the Wistar In¬ 
stitute.) 
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through the rest of the conduction system. The resulting brief delay 
allows atrial contraction to be completed before the ventricles are 
stimulated (Wiggers). 

The evidence indicates that the mechanism of conduction in the 
heart is the same as in skeletal muscle and nerve. 

Normally the rhythm of the entire heart is dominated by the S-A 
node. Under some conditions excitatory impulses may originate out¬ 
side the node. They are known as ectopic impulses, and the resulting 
series of beats is known as an ectopic rhythm. If the irritability of 
S-A node is depressed, or the node is injured or destroyed, or the 
irritability of the A-V node is raised, the latter may become the origin 
of ectopic impulses, that is, may assume the role of pacemaker. If the 
A-V bundle is cut, compressed, or greatly diseased, the ventricles are 
cut off from the pacemaking influence of the atria and develop an 
independent rhythm dominated by an ectopic center in the A-V bundle 
somewhere below the point of injury. The ventricular rate under these 
conditions is usually slow. 

The conduction system of the avian heart has been studied by 
Davies. It is well developed, there being, in addition to the S-A node 
and A-V node and bundle, atrial subendocardial Purkinje fibers and 
a system of Purkinje fibers supplying the muscular right A-V valve. In 
the heart of the ostrich a system of fibers somewhat similar to the 
A-V bundle of mammals has been described (Drennen). 

ELECTRICAL CHANGES ACCOMPANYING THE HEART BEAT 

If two points on the surface of a muscle, nerve, or other living 
protoplasmic mass are connected by means of electrodes and leads to 
a sensitive galvanometer or other electrical detector, no deflection of 
the instrument occurs. This is because all parts of the surface are at 
the same electrical potential, that is, in the isoelectric state. 

It is now generally recognized that cell membranes arc semi- 
permeable and that during rest they are polarized, with positively 
charged ions or radicals on the outer surface of the membrane and 
negatively charged ions or radicals on the inner surface. If a point on 
the surface of the protoplasmic mass is stimulated effectively (elec¬ 
trically, mechanically, or in any other way), the permeability of the 
surface is increased, ions responsible for the polarity migrate, and 
depolarization in the affected region occurs. The adjacent normal parts 
of the membrane now show a potential difference relative to the de¬ 
polarized part. This sets up local currents which cause depolarization 
of the adjacent parts of the membrane. The newly depolarized areas 
now are negative to their adjacent parts, local currents again flow 
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depolarization occurs, and the sequence is repeated, with the result 
that a wave of increased membrane permeability and depolarization 
Passes in both directions from the point of stimulation. Shortly after 
depolarization there occurs a process of repolarization, during which 
polarity of the membrane is re-established. 

The foregoing statements are applicable to the heart as well as to 
nerve, skeletal muscle, and other forms of protoplasm. For the genesis 
of the electrical changes, or action potentials (or currents, depending 
on the type of electrical detector used) of the heart, four states of the 
myocardial cell are recognized (Katz): (1) the resting polarized state, 
(2) the state of active depolarization, (3) the depolarized state of the 
cell during activity, and (4) the repolarization. 

Records of electrical changes accompanying excitation and re¬ 
covery of single cardiac fibers of the frog heart in situ have been made 
by means of microelectrodes and suitable amplifying and recording 
apparatus (Woodbury and co-workers). The membrane resting po¬ 
tential averaged 64.5 mv. The interior of the cell was negative to the 
outside. Depolarization of single fibers consisted of a rapid disappear¬ 
ance of the resting potential followed immediately by a reversal of 
polarity, with the interior of the cell now positive to the outside by 
an average of 12.7 mv. The reversal of polarity, or overshoot, plus 
the resting potential gave an average membrane action potential of 
77.2 mv. Repolarization, with the return of the cell to its resting con¬ 
dition, was a slower process. Simultaneously recorded surface electro¬ 
cardiograms (p. 97) showed that the onset of depolarization coin¬ 
cided with the start, of the QRS group and the last phase of repolariza¬ 
tion with the T wave of the surface records. This is a remarkable 
demonstration, with refined technic, of excitation and recovery of 
single cardiac muscle fibers and the correlation between these activities 
and the surface electrocardiogram. 

The electrical changes of the heart can be detected, but not 
analyzed in any detail, by a simple biological method. A nerve-muscle 
preparation is made from the sciatic nerve and gastrocnemius muscle 
of a frog. The nerve is placed in contact with an exposed beating 
heart, and the electrical changes of the latter will stimulate the nerve 
and cause the muscle to contract. 

The electrical changes of the heart may be recorded for detailed 
study by means of instruments known as electrocardiographs. Until 
recent years the string galvanometer was the instrument commonly 
used as an electrocardiograph. This instrument consists essentially of 
a delicate conducting fiber or "string" suspended in a narrow gap 
between the poles of a powerful electromagnet. The string is made of 
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glass or quartz covered with silver, gold, or other conducting material. 
If a minute current is passed through the string lying in the powerful 
magnetic field, or if a potential difference is impressed upon the string, 
it bends, or deflects slightly, in a plane parallel to the faces of the 
pole pieces of the electromagnet. The direction of movement of the 
string depends on the direction of the current passing through it. If 
the current passes downward, the deflection of the string is toward 
the observer. If the current passes upward, the string moves away from 
the observer. The deflections of the string are observed by projection 
of its shadow upon a screen or recorded by projection of the shadow 
upon the sensitive film or paper of a photokymograph. An intense light 
and a system of lenses make projection possible. The string itself is 
very fine, only 2 or 3 microns in diameter. 

The tension of the string is so adjusted that a deflection of 1 cm. on 
the record represents 1 millivolt. Voltage (horizontal) lines are placed 
on the record by means of etchings on the lens of the photokymo¬ 
graph. Time lines are recorded by the spokes of a rotating wheel 
which pass through the field of light at regular intervals and thus 
cast shadows on the record as it is being made. The wheel is run by a 
motor controlled by a tuning fork. String galvanometer records, being 
photographically recorded on light-sensitive paper or film, must be de¬ 
veloped before they are ready for examination. 

With the era of vacuum-tube amplification, it became possible to 
record the electrocardiogram by means of the cathode ray oscillograph 
and other oscillographs of suitable physical characteristics. A number 
of thermionic electrocardiographs with direct-writing recorders are now 
available. Thus photographic development of the record is no longer 
a requirement in electrocardiography. Some vacuum-tube electrocardi¬ 
ographs, however, still use optical recording. 

The electrical changes of the heart may be recorded directly by 
electrodes placed on the exposed heart or indirectly by electrodes 
applied to the limbs or the chest. Direct recording is of value experi¬ 
mentally in determining (1) the part of the heart that becomes elec¬ 
trically negative first, that is, the place of origin of the heart beat, (2) 
the course of the excitatory impulse in the heart, and (3) the rate of 
travel of the impulse. Indirect recording is possible by reason of the 
fact that electrical changes occurring in the heart give rise to currents 
that flow through the body. The whole body acts as a volume con¬ 
ductor inside of which the heart is located. It is as if the body were a 
bag of Locke’s solution with the heart on the inside. 

The Electrocardiagram. In electrocardiography a “lead” is the 
connection of two parts of the body by electrodes and wires with the 
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electrocardiograph. In man the three leads adopted by Einthoven have 
come into general use. They are right arm and left arm (lead I), right 
arm and left leg (lead II), left arm and left leg (lead III). In practice 
electrocardiograms are taken from the three leads in sequence. Other 
limb leads and chest or precordial leads are now commonly used in 
addition to the standard limb leads. In animals the standard limb leads 
give satisfactory results, but other leads are also used. The normal 
electrocardiogram shows a number of deflections or waves, some of 
which are of brief duration while others are longer (Figs. 20, 21, 22). 
The waves arc designated as P, Q, R, S, and T. The P wave is the 
atrial deflection and is related to atrial systole, although it precedes 
the mechanical systole bv a very brief interval. It is caused by the 



Fig. 20.—Electrocardiogram of a man. The S wave is practically absent. The 
vertical lines show time; they are 0.04 sec. apart. The horizontal lines show volt¬ 
age; each division is 0.1 millivolt. 

spread of the wave of excitation (wave of depolarization) from the 
pacemaker through the atrial musculature. The other waves arc re¬ 
lated to, and their combined duration is approximately the same ns 
the duration of, ventricular systole. The QRS group is designated 
as the initial ventricular deflection. It occurs after the passage of the 
impulse over the A-V bundle and its subendocardial branches. It repre¬ 
sents the spread of the impulse in the ventricular musculature (de¬ 
polarization), and its duration indicates the intraventiculnr conduction 
time. Since there is no known practical difference between the wave of 
excitation and the wave of contraction, the QRS group may be re¬ 
garded as representing the onset of contraction in the ventricular 
musculature. The S-T interval or segment indicates the time during 
which depolarization of the ventricular musculature persists or during 
which only slight repolarization has occurred. The T wave is known 































































Fio. 21.—Electrocardiogram (lead I) of a Jersey cow. Heart rate, G8. P-R interval, 
0.22 sec. The P wave is monophasic and upward. The QRS group is characterized 
by Q predominance. The duration of the group is 0.09 sec. T is monophasic and 
inverted. For the values of the vertical and horizontal lines, see Fig. 20. The 
standardization deflection (A) is made by impressing one millivolt of potential 
upon the galvanometer circuit. (Record made by Dr. L. L. Nangeroni.) 


as the final deflection. The end of the T wave represents the end of 
ventricular systole. This wave is caused by repolarization of the 
ventricular musculature. 

There is also an atrial T wave, representing repolarization of the 
atrial musculature; but this wave, or part of it, is often buried in the 
QRS group. An atrial T wave appears in Fig. 43 (p. 148). 

The P-R interval, measured from the beginning of the P wave 
to the beginning of the R wave (or Q if present), represents the time 
required for the excitation wave to travel from the S-A node to the 
ramifications of the A-V bundle under the endocardium. It indicates 
the atrioventricular conduction time. 

The Q-T interval indicates approximately the duration of ven¬ 
tricular systole. It indicates accurately the duration of the electrical 
systole. 

It may be noted that only during depolarization and repolarization 
do potential differences occur and reveal themselves in the electro¬ 
cardiogram. At other times isopotential is evident. The P and T n waves 
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signal depolarization and repolarization, respectively, in the atria. 
QR6, 3-T, and T signal depolarization, maintenance of depolarization, 
and repolarization, respectively, in the ventricles. 

Electrocardiograms oj Animals: Intervals and Deflections. The 
electrocardiogram of the chicken has been investigated by Sturkie 
(1949). Records were made over a period of one year. Heart rates, 
intervals, amplitudes of the waves or deflections, and electrical axes 


were measured and recorded. Abnormal or unusual electrocardiograms 
were found in a significant number of the birds (White Leghorn fe¬ 
males). The effect of changes in the position of the heart on the 
electrocardiogram was also studied (Sturkie, 1948). The book by 
Sturkie contains a detailed presentation of electrocardiography in the 
chicken. 

In normal dogs the P-R interval has been found to vary from 0.0G 
to 0.18 sec.; the QRS interval, from 0.03 to 0.08 sec. Variations in the 
amplitude of the waves of the standard and other limb leads have been 
published (Grollman and co-workers). A report on the intervals and 
the magnitude of the deflections in the electrocardiograms of beagle 
dogs have been made (Petersen and co-workers). 

Lannek (1949) has made a detailed clinical and experimental study 
of the electrocardiogram of the dog. Amplitudes of the waves and 
durations of the intervals, as well as other findings, are given. Soave 
has studied clinical electrocardiograms of dogs and has published a 
table showing the amplitude of the waves and the duration of the 
intervals in normal dogs. 

In normal horses Dukes and Batt report average intervals and 
ranges of variation as follows: P-R, 0.30 sec. (0.20-0.42 sec.); QRS, 
0.12 sec. (0.08-0.17 sec.); Q-T, 0.54 sec. (0.4G-0.62 sec.). The heart 
rate was 38 (24-50). Limb leads were used. The P wave was upright, 
inverted, diphasic, notched, or double. The R deflection was usually 
upright. The T wave was usually diphasic, but upright and inverted 
T waves were common. 

Lannek and Rutqvist have published a historical review of electro¬ 
cardiography in horses and have studied normal variations in the 
electrocardiogram of mature horses. The usual limb leads and six 
unipolar chest leads were recorded. Over 200 horses, some warm¬ 
blooded and some cold-blooded, were studied. Amplitudes of P, Q, R, 
S, ST, and T and durations of P, PQ, and QRS were calculated. Differ¬ 
ences between the sexes and the various age groups were not observed, 
but significant differences between breeds, mainly whether the horses 
were cold-blooded or warm-blooded, were evident. This extensive study 
should be consulted for further details. Reference may also be made 
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to the work of Van Zijl in which 16 leads were taken from each of 
30 horses. 

in a comprehensive study ol tlie electrocardiogram of dairy cattle 
Alfredson and Sykes (1042) found the following average intervals and 
ranges of variation: P-R, 0.19 sec. (0.10-0.30 sec.); QRS, 0.09 sec. 
(0.06-0.12 sec.); Q-1, 0.39 sec. (0.29-0.47 sec.). Limb leads were used. 
P and T were often diphasic. P was occasionally absent. R was always 
present in leads II and III. Q was frequently present and was usually 
small, b was often absent. The form of QRS showed considerable 
variation. A classification of the electrocardiogram of the cow based 
on the form of QRS in lead II was proposed. The amplitude of the 
different waves varied so much that this factor was regarded as being 
of doubtful significance as an index to the nutritive state of the bovine 
heart. Changes in the form and direction of the T wave in the cow 
do not have the same significance as in man. 

Observations on the electrocardiograms of cattle fed thyroprotein 
for long periods during lactation have been made (Sykes, Thomas, and 
Moore). Atypical electrocardiograms (premature beats, increase of 
length of QRS and Q-T) were observed in several cows receiving thyro¬ 
protein during successive lactations. However, there was no electro¬ 
cardiographic evidence of serious damage to the heart as a result of 
feeding thyroprotein. 

Intervals in the electrocardiograms of calves have been reported 

by Barnes, Davis, and McCay. The intervals gradually increased as 
the animals grew older. 

A detailed study of the electrocardiogram of sheep has been made 

by Souza. The duration of the intervals, the amplitude of the waves, 

and the effects of anesthetics and several ions were studied. Complete 
data are given. 

Average intervals in the electrocardiogram of sheep are shown in 
* 23. 


A publication by Luisada, Weisz, and Hantman contains a great 

eal of information on the normal electrocardiogram, including the 
intervals, of many species. 


Significance. Electrocardiographic studies have proved to be very 
useful in many kinds of experimental work, basic and applied. From 
e clinical standpoint the electrocardiogram is of value (1) in deter¬ 
mining the nature of disturbances in rate, rhythm, and conduction in 
he heart and (2) in detecting diseases of the myocardium Much more 
work has been done in the field of clinical electrocardiography of man 

han of animals. Some clinical aspects of electrocardiographv of ani¬ 
mals are indicated on p. 146. ~ 
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Fig. 23.—Iutervnls in the electrocardiogram of sheep (average values). Note that 
as the heart rate increases, the intervals do not change in the same proportion. 
Any interval (vertical distance) from the lowest horizontal line to the first curve 
from the top is the duration of a cardiac cycle at the particular heart rate. Electri¬ 
cal systole (ventricle) is the interval (vertical distance) from the lowest horizontal 
line to the third curve from the top (Q to end of 'I'). Electrical diastole (ventricle) 
is the interval between the first and third curves (Q to Q minus Q to end of T). 
The P-R (or P-Q) interval is found between the first and second curves (Q to 
Q minus Q to beginning of P); the duration of the T wave, between the third 
and fourth curves (Q to end of T minus Q to beginning of T). (From Ferris, 
King, Spence, and Williams, Electrical Engineering, 193G, 55; copyright—American 
Institute of Electrical Engineers.) 

APEX BEAT 

During systole of the ventricles all diameters of the heart shorten, 
the ventricles harden, and the heart rotates to the right. The result is 
that it is more firmly pressed against the chest wall. This increased 
pressure takes place suddenly and gives rise to n pulsation of the chest 
wall, often readily visible in man and the dog. This pulsation, known in 
man as the apex beat, can be registered by means of a receiving tam¬ 
bour, known as a cardiograph, placed over the pulsation and connected 
by rubber tubing to a recording tambour arranged to write on a kymo¬ 
graph. Optical means of recording the pulsations, or electrical means of 
receiving, amplifying, and recording them, can be used. 

CARDIAC CYCLE 

By a cardiac cycle is meant a complete heart beat. Some of the 
pioneer experimental work on this subject was done on the horse, ass, 
and mule by Chauvcau and Marey, using both direct observations of 
open-chest subjects and the graphic method. Modern methods of study 
of the cardiac cycle include the optical registration of pressure changes 
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in the heart chambers and the great arteries near the heart. Electro¬ 
cardiograms, phonocardiograms, and records of volume changes of the 
ventricles are also used. 

From such records the events of a cardiac cycle can be deduced. 
Semidiagrammatic records of the heart sounds, the electrical changes, 
left intra-atrial pressure, left intraventricular pressure, and aortic 
pressure are assembled in Fig. 24. The pressure changes occurring in 
the right atrium, right ventricle, and pulmonary artery are qualita¬ 
tively similar to those occurring in the corresponding chambers on the 
left side, but the pressures that develop in the right ventricle and the 

pulmonary artery are much lower than those in the left ventricle and 
aorta. 

Starting at the left of the figure, one sees an elevation of intra- 


atrial pressure (broken line) and a corresponding elevation of intra¬ 
ventricular pressure (continuous line). The pressure changes are caused 
by atrial contraction. The similarity of the curves indicates that the 
A-V \ alve is open and that the two cavities arc in free communication 
with each other. The start of the P wave of the electrocardiogram 
precedes the start of atrial contraction by a very brief interval. This 
is due partly to the slight actual lag between the electrical change and 
the contraction but largely to the fact that the contraction does not 
develop a measurable pressure change until the excitatory process, 
of which the electrical change is a manifestation, has spread for some 
distance from the pacemaker. Atrial relaxation now sets in and intra- 
atrial pressure falls. It may actually drop slightly below that in the 
ventricle, for as the atrium relaxes the A-V valves tend to close. This 
prevents a corresponding fall of pressure in the ventricle. 

. Ventricular contraction now begins and intraventricular pressure 
rises sharply. The measurable rise follows by a very brief interval 
the beginning of the initial ventricular deflection (QRS) of the electro¬ 
cardiogram. Intraventricular pressure soon exceeds intra-atrial pressure 
and the A-V valve is firmly closed (A.V.C.). The valve bulges some¬ 
what into the atrium, but it is prevented from everting into the upper 
chamber by the tugging action of the contracting ventricular muscle 
on the chordae tendineae. The bulging of the valve into the atrium 
causes intra-atrial pressure to rise slightly. As will be discussed later 
he vibration of the A-V valves and the chordae, incident to the firm 
c osure of the valves, is the principal cause of the first heart sound 
. ntra c t |on of the ventricle results in a downward movement of the 
base of the ventricle. This lengthens the atria, and the intra-atrial 
pressure drops. During the remainder of ventricular systole, atrial 
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Fia. 24.—Principal events of a cardiac cycle. From below upward: heart sounds, 
electrocardiogram, left intra-atrial pressure (broken line), left intraventricular 
pressure, and aortic pressure (dotted line). Pulse rate, 65. The left vertical axis 
shows pressure (mm, Hg) relative to atmospheric pressure; the right vertical axis 
shows absolute pressure. Note that the Q wave of the electrocardiogram begins 
slightly before the intraventricular pressure rises. The values for the intervals are 
illustrative only. A.V.C. nnd A.V.O, indicate closing and opening of the A-V 
valves. S.L.O. and S.L.C. indicate opening nnd closing of the semilunar valves. 
(From Macleod, Physiology in Modern Medicine, The C. V. Mosby Company.) 

pressure rises because of the continuous inflow of blood from the 
veins. The rise continues until intraventricular pressure falls below the 
pressure in the atrium, whereupon the A-V valve opens (A.V.O.) and 
blood flows freely from the upper chambers into the lower. The atrium 
and ventricle now being in free communication with each other through 
the open A-V valve, their pressures will rise together, as blood con¬ 
tinues to flow into both chambers, until the next atrial contraction. 
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Returning to a consideration of intraventricular pressure and com¬ 
paring it to aortic pressure, one observes that it continues to rise very 
sharply until it exceeds the pressure in the aorta, whereupon the 
aortic valve opens (S.L.O.) and the aortic pressure parallels, more 
or less closely, the intraventricular pressure. In the brief interval 
(about 0.04 sec. in Fig. 24) between the closure of the A-V valve and 
the opening of the aortic valve, the ventricular muscle fibers are con¬ 
tracting but not shortening, that is, they are contracting isometrically. 
This phase is spoken of as the isometric contraction phase of ventricu¬ 
lar systole. During this time the ventricle is a closed cavity. Ejection 
of blood into the aorta is at first maximum and the pressures continue 
to rise. Ejection is later reduced and the pressures fall. Ventricular 
relaxation now begins and a sharp drop in intraventricular and aortic 
pressures results. This marks the beginning of ventricular diastole. It 
follows by a slight interval the end of the T wave of the electrocardio¬ 
gram. The fall of aortic pressure is checked by the closure of the 
aortic valve (S.L.C.). The second heart sound then follows. The very 
brief interval from the beginning of diastole to closure of the aortic 
valve is known as the protodiastolic phase. Tension in the ventricular 
musculature continues to diminish, but the volume of the ventricle 
remains unchanged until the pressure in the ventricle has fallen low 
enough to permit opening of the A-V valve (A.V.O.). The time elapsing 
between closure of the semilunar valve and opening of the A-V valve 
is known as the isometric relaxation phase of ventricular diastole. 
There is now a phase of rapid filling of the ventricle by the blood 
stored in the atrium and that flowing in from the great veins. During 
this phase ventricular volume rapidly increases. This phase is fol¬ 
lowed by a phase of diastasis, the length of which is related to the 
duration of the cardiac cycle. If the heart rate is increased and the 
cycle therefore shortened, the phase of diastasis is shortened. The 
phase of rapid filling is not much affected as the pulse rate increases. 
This means that ventricular filling is still efficient. Atrial systole is 
the last phase of ventricular diastole. 

The average duration of the different phases of the cardiac cycle 
in the dog with a pulse rate of 75 is shown below: 


Isometric contraction . 0 OS 

Maximum ejection. n 

Reduced ejection . 0 10 sec 


Systole 


057 sec. 
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Protodiastole .0.02 sea 

Isometric relaxation .0.05 sec. 

Rapid filling.0.06 sec. 

Diastasis .0.29 sec. 

Atrial systole .0.11 sec. 


Diastole .0.53 sec. 


(Data from Wiggers.) 

Several features of the cardiac cycle of the horse are shown in 
Figs. 25 and 26. 

HEART SOUNDS 

During the heart beat certain definite sounds are produced. These 
have long been recognized, but a satisfactory explanation of their cause 
was not quickly or easily arrived at. They have been studied as an aid 
to diagnosis for many years. Two distinct sounds can be heard by 
auscultation of the heart, and occasionally a third sound can be de¬ 
tected in this way. These are designated as the audible heart sounds. 
The heart sounds may be recorded by various devices. Such records 
(phonocardiograms) will reveal not only the audible sounds but also 



Fia. 25.—Simultaneous tracings of pressure in the right 
atrium (Or. D.), the right ventricle (Vent D.), and the 
left ventricle (Vent. G.) of horse. (From Marey, La 
Circulation du Sang, 1881.) 

at times vibrations that are too feeble to be heard or that lie outside 
the range of frequency that the ear can detect. 

The first sound occurs during ventricular systole and may therefore 
be designated as the systolic sound. The second occurs at the beginning 
of ventricular diastole and may be referred to as the diastolic sound. 
The first sound is longer, of a lower pitch, and of a greater amplitude 
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than the second, which is sharper and more accentuated. The 
sounds can be heard by placing the ear against the thoracic wall over 
the region of the heart. A phoncndoscope or a stethoscope may be em¬ 
ployed as an aid to auscultation. The physiological and physical laws 
governing auscultation have been studied by Rappaport and Sprague 
(1941). 

The first heart sound is usually stated to be due to a combination 
of two factors, valvular and muscular. When the ventricles contract, 
the intraventricular pressure is suddenly elevated; this completes the 



Fig. 20.—Optically recorded pressure changes in left ventricle (top tracing), 
aorta (middle tracing), and right atrium (bottom tracing) of a horse. Time 
intervals, 0 2 sec. Heart rate, 80 beats per minute. The vertical lines indi¬ 
cate synchronous points on the tracings. The delay in the two lower records 
was caused by the length of the transmission tubes from the aorta and 
atrium to the recording capsules. The cannula of the manometer recording 
intraventricular pressure was introduced directly through the ventricular 
wall. Hence there was no transmission lag. a-b, Atrial contraction; b-c, iso¬ 
metric contraction phase of ventricular systole; c-d, ejection phase. (From 

Houssay, Orias, and Giusti, Journal de Physiologic cl de Patholoaie 
Generate, 1936, 34.) 
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closure of the A-V valves. The flaps of the valves and the chordae 
tendineac are put under tension owing to the high pressure of the blood 
in the ventricles and so are caused to vibrate and produce sound. It is 
commonly stated that the vibration of the contracting ventricular 
muscle fibers also produces sound and that this is blended with the 
valvular element to cause the first heart sound. Experiments by Dock 
and by Eckstein tend to minimize the importance of the muscular 
element in the production of the first heart sound; but the older view 
that the contracting ventricular muscle contributes directly to the 
causation of the first sound is reaffirmed by experiments of Smith, 
Kountz, and Gilson. The frequency of the vibrations of the first heart 
sound (man) is some 30 to 45 per second. 

The second heart sound occurs immediately after the closure of the 
aortic and pulmonary valves, and it is generally agreed that their after- 
vibration produces the sound. This conclusion is based largely on the 
fact that when the valves are prevented from closing no second sound 
occurs. The frequency of the vibrations that make up the second heart 
sound (man) is about 50 to 70 per second. 

A third heart sound is occasionally audible in man. It is feeble and 
is believed to be related to the flow of blood into the ventricle during 
the phase of rapid filling (Wiggers, 1949). An audible third heart 
sound in animals is probably of infrequent occurrence, if it occurs 
normally at all. However, a third heart sound has been detected in 
phonocardiograms of horses. It is present only exceptionally (Luisada, 
VVeisz, and Hantman). 

The contracting atrium may produce sound but it is usually blended 
with the first heart sound. In heart block (p. 147) the atrial sound may 
be audible. Heart block with audible atrial sound has been observed in 
horses (Dukes, Batt, Luisada). 

Phonocardiograms. Graphic records of the heart sounds may be 
made in several ways. In one method a stethoscope is placed over the 
region of the heart and connected with a microphone in a primary 
circuit. A string galvanometer is placed in the secondary circuit. The 
string of the galvanometer is deflected by the sounds of the heart and 
the deflections are recorded on a moving photographic surface. 

Another method makes use of a microphone, vacuum-tube amplifier, 
and galvanometer (Rappaport and Sprague, 1942), which is actuated 
by the amplified electrical changes. The deflections of the galva¬ 
nometer are recorded on a moving light-sensitive surface. 

The heart sounds may be recorded directly (Wiggers, 1949). They 
are picked up by a funnellike device applied to the chest wall and are 
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Fig. 27.—Electrocardiogram and phonocardiogram (A) of a normal dog. The Q 
wave is well defined. The T wave is inverted. The vertical lines are 0 01 sec. apart. 
The heart rate is 110 beats per minute. In the record of the heart sounds, 1 repre¬ 
sents the first sound, 2 the second. Note that the recording paper was run at a 
greater speed than in Fig. 20. (From Luisada and Mautner, Experimental Medicine 
and Surgery, 1943, 1.) 


then transmitted by a rubber tube to a little chamber across the open 
face of which a delicate rubber membrane is stretched. Adhering to 
the rubber film is a small mirror, which moves with the deflections 
of the film. A band of light from a suitable light source is transmitted 
to the mirror, which reflects it onto a photosensitive surface. 

Graphic records of normal heart sounds are included in Figs. 27 and 
28. Graphic records of the heart sounds of animals have been published 


/ 


in 





Fig. 28.— Electrocardiogram and phonocardiogram (top) of a normal horse. 
1 he P wave is double. The P-R interval is longer (about 0.44 sec.) than the 
average for horses. The T wave is diphasic. The vertical lines are 0.04 sec. apart. 
In the record of the heart sounds, 1 represents the first sound, 2 the second. The 
recording paper was run at a high speed. (Courtesy of Dr. A. A. Luisada ) 
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by Luisada, Wcisz, and Hantman. See also Luisada, 1953. A phono- 
cardiographic study of the heart sounds of horses has been made by 
Charton, Minot, and Bressou. 

Modifications of the Heart Sounds. In a variety of circumstances, 
some normal, some abnormal, the heart sounds may undergo modifica¬ 
tion. Accentuation, diminution, and reduplication of the sounds are 
recognized. 

Murmurs. These are extra heart sounds generally produced at or 
near a valvular orifice. When structural changes in the valves prevent 
their complete closure or complete opening, turbulence in the blood 
flowing through the narrow opening may occur, with the production 
of sound. 

Systolic murmurs occur, for example, when blood flows from a 
ventricle during systole into the atrium through an incompetent A-V 
valve (mitral or tricuspid regurgitation); when blood flows from a 
contracting ventricle through a narrowed aortic or pulmonary orifice 
(stenosis) ; or when blood flows during systole from the left ventricle 
into the right through an opening in the ventricular septum. 

Diastolic murmurs occur, for example, when blood flows during 
diastole from the aorta or pulmonary artery through an incompetent 
aortic or pulmonary valve (aortic or pulmonary regurgitation), or 
when blood fails to flow properly during diastole from atrium to ven¬ 
tricle because of a narrowed A-V orifice (stenosis). Phonocardiograms 
showing murmurs are seen in Figs. 29 and 30. 



Fio. 29.—Phonocardiogrnm (top) and electrocardiogram of a horse. Shows a 
late diastolic (presystolic) musical murmur. The ordinary heart sounds are indi¬ 
cated by 1 and 2. The vertical lines are 0.04 sec. apart. (Courtesy of Dr. A. A. 
Luisada.) 
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Fig. 30. —Phonocardiogram (top) and electrocardiogram of a horse. Shows a 
diastolic musical murmur. The ordinary sounds are indicated by 1 and 2. The 
vertical lines are 0.01 sec. apart. (Courtesy of Dr. A. A. Luisada.) 


CARDIAC OUTPUT 

The left side of the heart pumps blood through the body and into 
the right side, whereas the latter pumps blood through the lungs and 
into the left side. Obviously the inflow and outflow from the two sides 
of the heart could not be different except for a few beats; otherwise 
stasis of the circulation at some point would result. The cardiac output 
can be measured rather directly, in laboratory mammals, by recording 
the volume changes of the ventricles inclosed in a cardiometer. The 
thorax is opened and artificial respiration is provided; the ventricular 
portion of the heart is now inclosed in a cardiometer. One form of 
this is a globular chamber with a side tube and a large opening across 
which a thin rubber membrane is stretched and tied. The ventricles 
are introduced into the cardiometer through an opening in the rubber 
membrane, the edges of which fit air-tight around the heart at the 
atrioventricular junction. The side tube of the cardiometer is then 
connected by rubber tubing with a recorder arranged to write on a 
kymograph. Systole results in an increase in the space in the cardiom¬ 
eter, and the lever of the recorder moves upward or downward de¬ 
pending on the arrangement of the recorder. Diastole results in a 
decrease of the space and the lever moves in the opposite direction. 
In this way a tracing of the volume changes of the ventricle can be 
made. Optical recording may be used, in which case the volume changes 
could be transmitted to a small chamber the open face of which is 
covered with a rubber membrane to which a tiny mirror is attached. 
The mirror moves with the movements of the membrane. A band of 
light is transmitted to the mirror, which reflects the light onto a moving 
light-sensitive surface (paper or film) in a photokymograph. If abso- 
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lute values arc required, the tracings must be calibrated. A calibrated 

eardiometer tracing made by mechanical recording is included in Fig 
32. 


Absolute values derived as just indicated do not necessarily repre¬ 
sent the cardiac output in the normal intact animal, but they are of 

value for purposes of comparison under different experimental condi¬ 
tions. 

A more direct procedure, in which an optical flowmeter (rotameter) 
is intioduced into the pulmonary artery, has recently been devised 
(Seely, Nerlich, and Gregg). The results obtained by this method 
agiec well with those obtained by the Fick procedure, described below. 

(I* lowmeters placed in the aorta and venae cavac have an inherent 
error in that they do not measure coronary flow.) 

I he cardiac output in man and animals under normal conditions 
of rest and work can be estimated indirectly. The output of each 
ventricle per beat is termed the stroke volume of the heart, the systolic 
discharge, or the pulse volume, whereas the output of each ventricle per 
minute is termed the minute volume of the circulation, or the cardiac 


minute volume 

output per minute. It is evident that- = stroke volume. 

pulse rate 

1 herefore if the minute volume could be found it would be a simple 
matter to calculate the stroke volume. Several methods of estimating 
the output per minute are in use. One method—the Fick procedure—in¬ 
volves a determination of the difference between the oxygen content of 
arterial and venous bloods and a determination of the oxygen consump¬ 
tion of the animal per minute. In animals samples of arterial anti mixed 
venous bloods can be obtained by puncture of the left and the right 
ventricle, respectively, through the chest wall, without greatly incon¬ 
veniencing the animal or altering its normal condition. 1 Samples of 
arterial blood may also be obtained by arterial puncture and samples 
of mixed venous blood by catheterization of the right atrium via a 
jugular vein. The blood samples are analyzed for their oxygen content. 
It is found of course that the amount of oxygen in venous blood is less 
than that in arterial because of the using of oxygen by the tissues. 
The difference represents the arteriovenous oxygen difference and is ex¬ 
pressed in per cent by volume. It is the number of volumes (ml.) of 
oxygen removed by the tissues from every 100 volumes (ml.) of blood 
pumped from the left ventricle. The second factor required, the oxygen 


* Serious results mny follow puncture of a coronary artery. 
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consumption of the animal per minute, can be measured by methods 
described in Chapter XXV. 

If the arteriovenous oxygen difference and the oxygen consumption 
per minute are known, the minute volume of the circulation can be 
calculated by a simple procedure. An example will serve to make this 
clear. Barcroft and co-workers found in resting goats (mean weight, 
23.7 kg.) that the mean oxygen consumption was 176 ml. per animal 
per minute and that the mean arteriovenous oxygen difference was 
5.83 ml. per 100 ml. of blood. The minute volume of the circulation 
(x) was therefore 5.83:100 :: 176:x, or x = 3018 ml. 

In the report of this experiment the pulse rate of the animals is not 
given, but in order to complete the illustration, it may be assumed that 
it averaged 70 per minute. The average stroke volume would therefore 
be 3018/70 = 43 ml. 

Zuntz and Hagemann found the cardiac output of a resting, 342-kg 
horse to be 24,008 ml. per minute. If a pulse rate of 40 is assumed, 
the stroke volume becomes 600 ml. 

Clark (1927) gives the accompanying estimates of the minute 
volume of the circulation in various animals and man at rest. The 
calculations are based on a known oxygen consumption (shown in the 
table) for each animal and an assumed arteriovenous oxygen difference 
of 5 ml. If estimated pulse rates are supplied, the average stroke volume 
can be calculated in each instance, as is done in Table 10. 


Table 10. Minute Volume of Circulation and 
Stroke Volume of Heart 


Animal 

Body 

Weight 

Oxygen 

Consumption 

(a) 

Minute 

Volume 

-7-X 100 

5 

Pulse 

Rate 

Stroke 

Volume 


kg. 

ml./min. 

ml. 


ml. 

Ox. 

500 

1740 

34,800 

GO 

580 

Horse. 

500 

1450 

29,000 

34 

852 

Man. 

70 

253.5 

5,070 

70 

72 

Sheep. 

50 

199 

3,980 

75 

53 

. 

10 

72.5 

1 ,450 

100 

14 


Another method of estimating the cardiac output is based upon a 
determination of the arteriovenous C0 2 difference and the C0 2 output 
of the animal. The principle is the same as in the preceding method. 
Knowing the minute volume of the circulation and the total volume 
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of blood in the body (see Chapter II), one can estimate the time re¬ 
quired to effect a complete circulation of the blood. Thus if a 500-kg. 
cow has a total blood volume of 36,000 ml. and a minute volume of the 
circulation of 35,000 ml., it is evident that the total circulation time 
would be 

Total volume 36,000 ml. 

—;- = - = 1.03 min. 

Minute volume 35,000 ml./min. 


This value is in fair agreement with measurements of the total circula¬ 
tion time in cattle by Turner and Herman. They injected a fluores¬ 
cent substance (fluorescein) into the mammary vein on one side and 
determined, by collection of blood at 5-second intervals, the time re¬ 
quired for it to appear in the mammary vein of the opposite side. The 
average time was 52 seconds. (See also p. 163.) 

Examination of the figures in Table 10 reveals that in every in¬ 


stroke volume (ml.) 

stance the quotient of - : - is more than 1 but less 

body weight (kg.) 


than 2. This number, the output of the ventricle in milliliters per beat 
per kilogram of body weight, Henderson designated as the stroke index. 
He expressed the view that in all athletic mammals it is equal to 1.4 
to 1.8 ml. at rest. 

Ballistocardiography is a technic for recording the motions im¬ 
parted to the body by the beat of the heart, ejection of blood, and 
its passage through the large vessels. This technic has been used in 
studies of cardiac output. Electrokymography is a technic for record¬ 
ing the motions of the heart or changes in its density by means of a 
beam of roentgen rays passing from a fluorescent screen through a slit 
onto a photoelectric tube connected to a recording device. This technic 
has been used in studies of the cardiac output. 

Schambye has studied the cardiac output of sheep by a dye-injec¬ 
tion method. 

Variations in the Minute Volume with Work. The real function 
of the circulation is to move blood through the capillaries in order to 
meet the metabolic requirements of the tissues. The nutritive substance 
whose absence or deficiency causes the quickest and most profound tis¬ 
sue derangement is oxygen. During muscular work the oxygen require¬ 
ments of the muscles may be increased many times. Halliburton found 
that actively contracting skeletal muscle may use 13 times as much 
oxygen per minute as during rest. Brief reflection shows that the in¬ 
creased demands for oxygen may be met by an increase in the effi¬ 
ciency of utilization of the oxygen in arterial blood, that is, by an 
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increase in the arteriovenous oxygen difference, or by an increase in 
the minute volume of the circulation, or both. That the first of these 
may happen is undoubted. It is referred to again on p. 250. That the 
second factor, the increase in the minute volume of the circulation, 
happens is proved by experiments on animals and man. Zuntz and 
Hagemann in their extensive work on the horse found, for example, 
that the minute volume of the circulation of an animal weighing 342 
kg. increased from 24,008 ml. at rest to 59,511 ml. during work. In 
man a ninefold increase as a result of severe exercise has been observed. 

An increase in the cardiac output may be brought about by an 
increase in the heart rate or the stroke volume or both. That the heart 
rate increases during muscular work is well known. The increase is 
effected largely through the nervous system and is considered in 
Chapter V. That the stroke volume also may be increased there can 
be no doubt. Such an increase is due in part to nervous influences, 
which receive attention in Chapter V. Yet it is due in part to some 
intrinsic power of the heart to regulate its output, which will be con¬ 
sidered now. 

Intrinsic Regulation of the Cardiac Output. That there may be 
increases or decreases in the stroke volume of the heart quite inde¬ 
pendent of nervous control is indicated by experiments in which the 
heart, completely isolated from nervous connections, is arranged in such 
a way that the rate of filling of the right atrium can be varied at 
will and the changes in volume of the ventricles recorded. Such an ar¬ 
rangement is known as the heart-lung preparation (Knowlton and 
Starling), a diagrammatic representation of which is shown in Fig. 31. 
The thorax of the animal is opened, and the aorta and all its branches, 
except the brachiocephalic artery, are ligated. A three-way cannula is 
inserted into the brachiocephalic artery; a manometer, for recording 
arterial pressure, and a rubber tube are connected to the cannula. This 
rubber tube is then connected with a thin-walled rubber tube inclosed 
in a glass jacket. The air pressure on the interior of the jacket can be 
altered, thus varying the resistance to the flow of blood through the 
thin-walled rubber tube. Another tube runs from the thin-walled rub¬ 
ber tube to a warming apparatus, and this in turn is connected with a 
venous reservoir, into which defibrinated or heparinized blood is placed. 
The venous reservoir communicates with a cannula in the anterior vena 
cava. The posterior vena cava is connected to a manometer for record¬ 
ing venous pressure. The pulmonary circuit is left undisturbed, and the 
lungs are ventilated by artificial respiration. The preparation may be 
removed from the body. Furthermore, it. may be inclosed in a large 
glass jacket, the pressure on the inside of which can be lowered in 
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Fio. 31.—Diagram of the heart-lung preparation. L.V., left ventricle; C., coronary 
circulation; Ao, aorta; A.C., arterial cannula; Mi, manometer for registering 
arterial pressure; P.B., pressure bottle; Pm, pump; B, air chamber; R, resistance, 
consisting of a thin-walled rubber tube inclosed in a glass jacket; Wa, warming 
arrangement; V R., venous reservoir; Cl, adjustable clamp; Vc, venous cannula; 
S.V.C., anterior vena cava; I.V.C., posterior vena cava; R.A., right atrium; R.V., 
right ventricle; L.A., left atrium; L.V., left ventricle; M», manometer for register¬ 
ing venous pressure; P.A., pulmonary artery; Lu, lungs; P.V., pulmonary veins; 
Tr, trachea; X', tracheal cannula. The arrows indicate the direction of blood flow. 
(From Starling, Principles of Human Physiology .) 





























HEART 


117 


imitation of the negative pressure of the thorax. As a result of these 
procedures the circulation of blood is as follows: From the left ventricle 
through the variable resistance and the warmer into the venous reser¬ 
voir; from the venous reservoir into the right atrium and thence into 
the right ventricle; from the right ventricle through the lungs and 
back to the left atrium, l'he coronary circulation is undisturbed, and 
blood coming from the coronary capillaries is the only venous blood 
in the circulation. It mixes in the right atrium with blood from the 
venous reservoir. Aeration takes place in the lungs. Absence of blood 
flow to the central nervous system abolishes nervous control. 

The heart-lung preparation possesses the following advantages: 
(1) The influence of the nervous system on the heart and the blood 
vessels is entirely removed. (2) The heart rate remains constant. (3) 
The arterial resistance, and hence the arterial pressure, can be con¬ 
trolled. (4) The cardiac output can be measured directly at the venous 
reservoir. (5) The temperature of the blood can be controlled. (6) 
The rate of venous inflow can be varied. 

From the preparation graphic records may be made of volume 
changes in the heart, of arterial blood pressure, of the volume of the 
circulation, and of venous pressure. If desired, the blood flow in the 
coronary circuit can be measured and recorded, after insertion of a 
cannula into the coronary sinus. 

If the clamp between the venous reservoir and the right atrium is 
opened, the rate of venous inflow is augmented, and the output of the 
heart must increase correspondingly or the pressure in the right atrium 
and great veins must rise greatly. Tracings show that the venous pres¬ 
sure increases, but not very much unless the inflow is excessive, whereas 
cardiometer tracings indicate an augmented output, due to an increase 
in the stroke volume, that is, to an increase in the amplitude of the 
heart beat (Fig. 32). The explanation of how it is possible for the heart 
to accommodate this increased venous return and to eject an increased 
amount of blood into the arteries at every systole is afforded by Star¬ 
ling’s law of the heart, which states that the energy liberated by the 
heart muscle fibers upon contraction varies directly with the length of 
the fibers—that is, the volume of the heart—at the end of diastole. 
The amount of blood expelled from each ventricle during systole is 
determined, therefore, by the extent to which the ventricle is filled at 
the end of diastole, and this is determined by the rate of venous inflow, 
diggers states that “the greater systolic discharge is accomplished 
argely by a greater velocity of ejection but to some extent also by 
lengthening of the period of systolic discharge.” 

The ability to contract with greater amplitude when stretched, 
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Fig. 32.— Showing fI •«> rflvct of variations in xenons inflow on the volume and 
output of the heart. (rardiomotor record (upstroke is contract ion) ; Bl\ arterial 
pressure; Vl\ venous pressure. The volume changes (in ml.) may bo determined 
by reference to the scale at the left of the tracing. 


Arterial pressure (mm. Ilg) 
Venous pressure (mm. ILO) 
Output of heart (ml./K) see.) 


A 

R 

c 

124 

130 

124 

95 

115 

55 

KG 

140 

33 


(From Starling, I* nnci j>lcs of Human I'hysioloyy.) 


within limits, is true not only of heart muscle but of other muscle 
tissue as well. If is probably explained by the increase of surface in 
the stretched muscle. Since the energy released by the chemical changes 
of contraction probably is effective at surfaces in the muscle fibers, 
any increase of surface in the muscle would lead to an increased out¬ 
put of energy by t he muscle upon contraction. 

As previously stated, increased venous return to the heart is not 
accommodated solely by an increase in the stroke volume, but often 
also by a simultaneous increase in the heart rate. The heart-lung 
experiment, in which the pulse rate is constant, proves that the stroke 
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volume can be augmented but does not prove that the rate of the 
heart in the normal animal cannot also be increased when the venous 
return is increased. Indeed, it is common knowledge that the heart rate 
can be greatly increased. 

Another important adjustment on the part of the heart has been 
studied by use of the heart-lung preparation. This adjustment pre¬ 
vents a decrease in the output of the ventricle, except for a few 
beats, when the arterial pressure is elevated. As a result of the in¬ 
crease in arterial pressure, the ventricle discharges less blood for a 
few beats, in consequence of which the volume of the ventricle must 
increase, for the volume of blood entering the heart from the venous 
icservoir remains unchanged. This increase in ventricular volume re¬ 
sults in lengthened heart muscle fibers which, according to the law of 
the heart, expend more energy in contracting. Thus in a short while 
the ventricle is discharging the same amount of blood as formerly, in 
spite of the elevation of arterial pressure. 

Cardiac Reserve. The heart can meet an increased work load, or 
can maintain a normal output even when its contractile powers are 
impaired, by reason of adaptation. The three adaptive mechanisms 
are (1) an increase of heart rate, (2) an increase of stroke volume, 
and, eventually, (3) hypertrophy. The cardiac reserve is the extent to 
which the heart can use these mechanisms in maintaining equivalence 
of flow into the right atrium and out of the left ventricle. When the 
reserve is inadequate to meet the demands ordinarily placed on the 
heart, chronic heart failure (cardiac decompensation) occurs, and blood 
accumulates in the pulmonary system and right atrium. 


WORK AND EFFICIENCY OF THE HEART 

Since most of the mechanical energy of the heart beat is used in 

expelling blood into the arteries against pressure, the approximate 

amount of the work of the heart per beat can be calculated by use 
of the expression * 


r V 




here W is the work, Q the volume of blood expelled, and R the mean 
arterial resistance in meters of blood (mean arterial pressure in milli- 

aTblood* mCFCUry X ° 013, mercur y be » n g about 13 times as heavy 

in ? OWCVer ’ n0t aU tl,C mechanica l energy of the heart beat is used 
tkinJr rC ° imne artenal P r essure; a part is used in giving velocity 

nC:;";i?;° th ‘ bIo ? d ’ es r ia,iy i 

creased. It follows, therefore, that the expression given above is 
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inadequate, especially during muscular effort. It must contain a ve¬ 
locity factor. At rest the simple equation probably accounts for 95 
per cent or more of the mechanical work done, whereas during marked 
exercise the velocity factor may be responsible for 20 per cent or more 
of the total work. 

Expressions which contain a velocity factor and which permit the 
calculation of the approximate amount of work done by one or both 
ventricles, respectively, arc the following: 

mV 2 

IF = QR +-for one ventricle, or 

2(7 

7 mV 2 

W = - QR +-for both ventricles, 

6 g 

in which Q is the volume of blood expelled during systole, R the re¬ 
sistance or mean arterial pressure, in the weight of blood ejected, F 
the average velocity at which it is ejected, and g the acceleration due 
to gravity, a constant amounting to 9.8 meters per second per second. If 
Q is in liters, R in meters of blood, in in kilograms, and V in meters per 
second, IF will be in kiiogram-meters of work during the time under 
consideration. The pressure in the right ventricle is about one-sixth 
that in the left. Therefore QR is multiplied by 7/6 in order to obtain 
the value of QR for both ventricles. R in this case is the mean aortic 
pressure. The velocity factor is the same for each ventricle. Therefore 
the second part of the equation is multiplied by 2 to obtain its value 
for both ventricles. 

An example of the work done per minute by the heart of a cow may 
be given. A mean aortic pressure of 120 mm. Hg, a minute volume 
of 35 liters, and an average aortic velocity fluring systole of 1.5 meters 
per second will be assumed. 

7 mV 2 

I V = - QR 4-- 

6 g 

7(35 X 120 X 13) f 35 X 1.06 X 2.25 

6 X 1000 9.8 

= 63.7 + 8.5 = 72.2 kilogram-meters per minute. 

The efficiency of an engine means the percentage of the total energy 
expenditure that is converted into mechanical work. The efficiency of 
muscle is stated similarly. The efficiency of heart muscle has been 
determined on isolated, working hearts by measuring the oxygen con¬ 
sumption and calculating the mechanical work done in pumping bloo 
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From the oxygen consumption over a given time the total energy ex¬ 
change as calories can be calculated (1 liter 0 2 = approx. 4800 cal.) 
The mechanical work can be changed into equivalent calories (1 
kilogram-meter = 2.34 cal.). 

. Caloric equivalent of mechanical work 

Efficiency =- : -X 100. 

Total energy exchange (calories) 

Experiments show, on the whole, that the efficiency of heart muscle 
is about the same as that of skeletal muscle, 20 to 25 per cent. 


CORONARY CIRCULATION 


Heart muscle is supplied with blood by the two coronary arteries. 
These break up into numerous capillaries in the heart wall, thus ensur¬ 
ing an abundant blood supply to each muscle fiber. The capillaries by 
their union form ultimately the coronary veins, which empty into the 
coronary sinus of the right atrium. Anatomical studies have shown 
that in the heart musculature of mammals there are, in addition to the 
coronary vessels, several types of vessels which establish communica¬ 
tion between the coronary capillaries and the chambers of the heart. 
There are also arteriosinusoidal and arterioluminal vessels that connect 
the coronary arteries with the capillaries and the heart chambers. 
To what extent these various vessels are concerned in the normal nu¬ 


trition of the heart is at present uncertain, but that they may be of 

importance under certain pathological conditions of the coronary ves¬ 
sels is probable. 

Occlusion of a coronary artery, as by ligation or by thrombosis, 
often results in sudden death from ventricular fibrillation (p. 149). 
Occlusion of a large branch, if it does not cause death, will result in 
functional impairment of the heart. The effect on intercoronary col¬ 
lateral circulation of experimental narrowing of a coronary artery has 
been studied in pigs by Blumgart and co-workers. 

It is now known that the orifices of the coronary" arteries arc in free 
communication with the aorta during both ventricular systole and di¬ 
astole. This is contrary to an earlier belief that the cusps of the aortic 
valve close the orifices during systole. That the present view is correct 
is shown by the fact that the pressure variations in the coronary ar- 

.... t pressure in the coro¬ 

nary arteries behaves toward aortic pressure in much the same wav as 

does blood pressure in arteries of organs and tissues in general 

ncr cent rTf? art ° ry ° f the d ° g is cstimat «» *° distribute 80 
P cent of the total coronary blood flow. More than half of the flow 
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in the left artery is distributed through its circumflex branch. Essex 
and co-workers have made studies on the blood flow in the circumflex 
branch of the left coronary artery of the dog under different conditions. 
The thermostromuhr method (p. 1G5) was used. During exercise the 
maximum increase over the control rate of flow was fourfold: blood 
flow during the control period, 00 ml. per minute; during work on a 
treadmill, 250 ml. per minute. Changes in coronary blood flow during 
exercise were more accurately reflected by changes in the pulse rate 
than by changes in the blood pressure (Fig. 33). Adrenaline caused a 
distinct increase of short duration. In some experiments the increase 
was as much as four or five times the resting value. Thyroxine caused 
a prolonged increase in coronary flow, but the effect did not come on 
until more than 24 hours after the injection of the hormone. During 
digestion the coronary flow was increased similarly to the increase 
observed in other arteries of the body. 

Much work has been done on the problem of the coronary flow 
during systole of the heart. Some results have tended to show that 
the flow is reduced or stopped during systole, while other work indicates 
acceleration of flow. Experiments of Green, Gregg, and Wiggers reveal 
that the myocardium receives a very significant supply of blood during 



Fia. 33.—Simultaneous records of blood flow (thermostromuhr method) in 
circumflex branch of left coronary artery, pulse rate, and mean blood pres¬ 
sure of a dog before, during, and after exercise at two different rates on a 
treadmill. Note that changes in pulse rate reflect changes in coronary blood 
flow more accurately than do changes in blood pressure. (From Essex, 
Herrick, Blades, and Mann, American Journal of Physiology. 1939.125.) 
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contraction, nearly as much in fact as during a similar period of dias¬ 
tole. The total flow during diastole, however, is much greater than 
during systole because of the greater length of diastole. 

It is estimated that about 5 per cent of the cardiac output passes 
through the coronary arteries. 

Although the coronary arteries receive a rich innervation from 
both the sympathetic and the parasympathetic, it has been difficult 
to obtain clear-cut experimental evidence regarding the effects of 
these nerves on the coronary arteries. Predominant opinion seems to 
be that vasoconstrictor fibers are carried in the vagi and vasodilator 
fibers in the sympathetic nerves to the heart (Wiggers, 1949). The 
vagal vasoconstrictor fibers are probably cholinergic and the sympa¬ 
thetic vasodilators adrenergic (pp. 134, 135). Acetylcholine causes con¬ 
striction of coronary arteries in vitro whereas adrenaline and nor¬ 
adrenaline cause dilatation. Atropine blocks the constriction due to 
acetylcholine (Smith and co-workers). The general subject of the 
vasomotor mechanisms is discussed in Chapter VII. 

The coronary circulation is the subject of a review by Gregg. 


riSKiUAKDIUM 


The physiological significance of the pericardium is not well under- 

stood. Among the several functions that have been attributed to it 

( Viggers and Green), the following may be mentioned: (1) It protects 

he heart against overdilatation. (2) It provides smooth surfaces for 

ie learts action. (3) It holds the heart in a relatively fixed position. 

assists in relaxation of the heart by exerting a suction force. 

I hat the pericardium is not an essential structure is indicated by 

the fact that animals or people from whom it has been removed mav 
continue to live normally. 

The pericardial sac normally contains only a small amount of fluid 

traumnt !?" S .° CCUr in various Pathological conditions. In 

? tlC P'n^itis in cattle the amount of fluid in the pericardium 

* very great. It has been shown experimentally in small animals 

hat when intrapericardial pressure exceeds venous pressure, the latter 

ses and ventricular filling is interfered with. The rise in venous pres- 

incroa tenc } s to ovcr( ' ome the resistance to inflow caused by the 

Ki d ! nt / apenCardlal P ress,,re > so that the latter may rise con 
siderably before a critical point is reached. At the critical level of 

pressure within the pericardium, ventricular output and arterial Pret 
decrease markedly. The critical level of intrapericardial nm 
is usually between 100 and 150 mm. saline (Wiggers). P 
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CAUSE OF THE HEART BEAT 

T HE question of the cause of the heart beat is an old one toward 
the solution of which much speculation and experimentation have 
been directed. It cannot be said, however, that a complete understand¬ 
ing of the problem is even near, though a great deal of information has 
accumulated from time to time that points toward a solution. 

The heart is not dependent for its beat upon its connection with 
the central nervous system. This fundamental fact has been known 
for years, and there is ample proof of its correctness. The simplest 
way to prove that the heart, unlike skeletal muscle, is able to continue 
its activity in the absence of connection with the central nervous sys¬ 
tem is to cut all nerves—vagus and sympathetic—leading to the heart. 
Under these conditions it continues to beat. The proof may be made 
more convincing by completely removing the heart from the body of 
the animal, whereupon, if it is kept under appropriate conditions, it 
will continue to beat for a long time. The frog’s heart does not require 
the care upon excision that the mammalian heart does. The frogs 
heart is capable of beating for some time without any attention other 
than immersion in warm physiological saline or Ringer’s solution. If 
it is actually perfused with warm Ringer’s solution, it may continue 
beating for several days. The excised mammalian heart requires better 
conditions. A perfusion fluid must be made to pass through the coro¬ 
nary vessels. The temperature of the perfusate must be close to that of 
the body, and its oxygen tension and hydrostatic pressure must be ade¬ 
quate. An organ or tissue that continues to act in the absence o 
connection with the central nervous system is said to be automatic , 
or capable of developing its own stimulus to function. The heart, 
according to the results of experiments such as those just describe , 

is an automatic organ. 

Myogenic and Neurogenic Theories of the Heart Beat. 1 
heart is essentially a muscular organ, although there is a good deal o 
nervous tissue in its make-up. There are two principal theories relative 
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to the origin of the stimulus for the heart beat. (1) The myogenic 
theory in its modern form holds that the excitatory impulse originates 
in the muscle cells of the S-A node and is then transmitted to the 
atria by way of the interatrial musculature and to the ventricles by 
way ol the A-V node and its bundle. (2) The neurogenic theory holds 
that the impulse begins in the nerve tissue of the heart and is then 

transmitted to the muscle cells of the heart by way of the conduction 
system. 


The myogenic theory is the one commonly accepted by physiolo¬ 
gists. In support of this theory, the following evidence may be cited i 
(1) 1 he heart of the embryo (avian and mammalian) begins to beat 
before nerve cells have made their appearance in it. (2) Individual 
heart muscle cells in tissue culture will contract rhythmically. (3) 
Strips of heart muscle devoid of nerve tissue may be cut from certain 
regions of the ventricle. These isolated strips can contract rhyth¬ 
mically. (4) An almost universally accepted view of the significance 
of the nerve cells and fibers in the heart is that that they are the 
effector neurons of the cardiac inhibitory nerves. 

The heart of the king crab (Limulus) stops beating when its nerve 
tissue, which is easily accessible, is removed (Carlson). It appears, 
therefore, that the heart beat of Limulus is neurogenic. 

All parts of the heart are capable of producing rhythmic excitatory 

impulses, but this property is best developed in the pacemaker and 
conduction system. 


Fundamental Stimulus and the Action of Ions. As just stated, the 
beat of the heart is probably myogenic in origin. This conclusion does 
not, however, furnish any idea of the fundamental cause of the auto¬ 
matic muscular rhythm of the heart. The issue must be carried a step 
further and the fundamental stimulus of the heart sought. In approach¬ 
ing this subject one would perhaps expect to find the stimulus con¬ 
nected in some way with the composition of the extracellular fluid 
bathing the muscle cells. This view came into prominence with the dis 

ZITK by * ingCr ’ in 1874 ’ thafc thc cxciscd frog’s heart continues to 
beat for a long time if perfused with a solution of the chlorides of 

sodium, calcium, and potassium, in proper proportion. Such a mixture 

s known as Ringer’s solution, the exact composition of which has 

foHo w r b5 ' diffCrCnt ' VOrkCrS - A frCf "' entl >' formula is as 


Sodium chloride 
Sodium bicarbonate 
Potassium chloride 
Calcium chloride 


0.7 per cent 
0.03 per cent 
0.026 per cent 
0.003 per cent 
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Later is was shown that the excised mammalian heart also may be 
kept beating for a considerable time if fed with a modified oxygenated 
Ringer’s solution. Locke’s solution, often used for the heart of mam¬ 
mals, has the following composition: 


Sodium chloride 
Potassium chloride 
Calcium chloride 
Sodium bicarbonate 
Glucose 


0.92 per cent 
0.042 per cent 
0.012 per cent 
0.015 per cent 
0.1 per cent 


The results of numerous investigations on the perfused hearts of 
frogs and mammals tend to show that sodium exerts much of its favor¬ 
able effect by furnishing a necessary osmotic pressure to the fluid bath¬ 
ing the heart; that potassium and, in less degree, sodium exert a de¬ 
pressing effect on the beat of the heart, favoring diastole; and that 
calcium exerts a stimulating effect, promoting systole. Thus when cal¬ 
cium is absent from the perfusion fluid but sodium and potassium are 
present, the heart soon stops in diastole; whereas when calcium alone 
is present it soon comes to a standstill in a condition of extreme systole, 
known as calcium rigor. Both of the stoppages can be reversed by 
using a more normal perfusion fluid. It has been shown that sodium 
chloride can be replaced to a large extent by any nonelectrolyte that 
is nontoxic and docs not enter the cells, for example, cane sugar; that 
potassium can be completely replaced by rubidium and imperfectly 
by cesium; and that calcium can be replaced almost completely by 
strontium but by no other cation (Clark, 1927). 

(The action of potassium and calcium when injected into intact 
animals is more complicated than when these ions are added to fluids 
used to perfuse isolated hearts. For some cardiac and other effects 
of these ions on intact animals, sec p. 152.) 

It should not be concluded from the foregoing statements that the 
ions of potassium, calcium, and sodium are the fundamental stimulus, 
but it is evident that the development of the excitatory impulse or 
stimulus is in some way dependent upon, or conditioned by, the pres¬ 
ence of these ions. It has been suggested that the ions owe their effects 
to changes induced in the permeability of the limiting membrane of the 
heart muscle cells. These changes of permeability influence the rate 
of depolarization and repolarization of the cell membranes. The pace¬ 
making influence of the S-A node may be explained on the assumption 
that the condition of the cell membrane in this region is such that 
depolarization, with accompanying excitation, takes place more rapidly 
than in other parts of the heart. 

Other facts and theories relating to the fundamental stimulus of 



HEART 


127 


the heart could be given, but no real answer to the question of its 
exact nature is available. Probably the situation in the heart, whatever 
its nature, is not basically different from that in any other automatic 
tissue. 

Metabolism of Heart Muscle. Whatever the ultimate stimulus 
of the heart may be, the energy for cardiac contraction must come, of 
course, in the long run from the oxidation of organic substances 
brought to the heart by the blood. The oxygen consumption of the 
heart doing moderate work in the heart-lung preparation is of the order 
of 350 ml. per 100 gm. per hour (Evans). When the work of the heart 
is increased, or when the heart iate is increased without an increase 
in mechanical work, the oxygen consumption goes up. With a constant 
heart rate, there is a high positive correlation between diastolic volume 
and oxygen consumption. 

An important question with respect to the metabolism of cardiac 
muscle is the nature of the foodstuff oxidized. Studies of the respiratory 
quotient (p. 620) of the heart show that it is usually high (0.8 to 0.9) 
but may fall to a low level during carbohydrate shortage. It may there¬ 
fore be concluded that the heart can oxidize not only carbohydrate but 
other substances as well. Furthermore, studies of the carbohydrate 
utilization of the heart show that this is usually too small to account 
for all the oxygen consumption. The low respiratory quotients some¬ 
times met with (0.7) tend to show that fat is the other substance 
oxidized. In addition, direct examination of the blood and heart in the 
heart-lung preparation suggests that the heart can use fat for energy 

purposes. Apparently amino acids are not directly oxidized for energy 
by the heart. 

Experiments indicate that the heart is capable of utilizing large 
amounts of lactic acid brought to it by the blood, as much as 40 per 
cent of the total metabolism being due to the oxidation of this sub¬ 
stance. Cardiac muscle contains significant amounts of glycogen, and 
it has been suggested that blood glucose is used mainly to restore 
glycogen, which is converted to lactic or pyruvic acid for oxidation. 
However, the heart can use glucose directly; this it does in inverse 
ratio to lactic acid utilization. 

In general, the metabolism of heart muscle is similar to that of 
skeletal muscle; the principal difference appears to be in the impor¬ 
tance of lactic acid in cardiac metabolism. The immediate source of 
the energy for contraction of heart muscle is believed to be the same 

as in skeletal muscle, namely, the breakdown of adenosine triphos¬ 
phate (ATP). ^ 

Heart muscle has little ability to contract anaerobically and to 
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accumulate an oxygen debt. It is largely an aerobic mechanism. Its 
abundant blood supply is correlated with this fact. 

RESPONSES OF HEART MUSCLE TO STIMULATION 

Several properties of cardiac muscle may be revealed by stimu¬ 
lating the heart with appropriate stimuli—electrical, mechanical, 
thermal, or chemical. The electrical stimulus is usually used. All these 
properties are possessed in some degree by skeletal muscle, and some 
of them are fundamental properties of protoplasm. 

All Contractions Maximal. This means that if heart muscle re¬ 
sponds at all to stimulation, it contracts with the greatest strength 
possible for the particular condition of the muscle at the moment; it is 
also referred to as the all-or-none principle. This fact can easily be 
shown by tying a ligature around a frog heart at the sinoatrial junc¬ 
tion, whereupon the atria and ventricle, cut off from the sinus venosus, 
stop beating for a time. The tip of the quiescent ventricle is then 
connected by a thread to a light lever. The lever is arranged to write on 
a kymograph, and provision is made for electrical stimulation. Excita¬ 
tion of the ventricle, if the stimulus is above the threshold, causes as 
extensive a contraction with a weak stimulus as with a strong one. 
In this respect heart muscle differs from skeletal muscle, the extent of 
the contraction of the latter being dependent upon the strength of the 
stimulus applied. The explanation of the difference in the response 
of these two classes of muscle is believed to lie in their histological 
structure and not in any fundamental physiological differences. Car¬ 
diac muscle fibers form a syncytium, that is, freely anastomose, so that 
a stimulus applied to any part of the ventricle excites all other parts, 
thus throwing the whole heart into contraction. On the contrary, 
skeletal muscle fibers arc separated from one another by a distinct 
sarcolemma, which prevents spread of excitation from fiber to fiber. 
In skeletal muscle, therefore, only those fibers that are directly stimu¬ 
lated contract, and different degrees of contraction are brought about 
by stimulating different numbers of fibers. The response of the indi¬ 
vidual fibers of skeletal muscle is all or none. 

Recent work by Robb seems to show that mammalian heart mus¬ 
cle, like skeletal muscle, is organized on a unit basis. Connective tissue 
sheaths isolate small cones or units of cardiac muscle, each unit being 
supplied by conduction tissue. The diameter of a muscle mass repre¬ 
sented in a unit was found to be 1 to 2 mm. These units contract as a 
whole and maximally, but excitation of other units can be effected, 
not by direct spread of an impulse from one unit to another, but only 
by retrograde transmission in the conduction system and then pe- 
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ripheral spread to other islands of cardiac muscle. Within a unit, 
syncitial arrangement of the muscle fibers is present, and all-or-none 
contraction of the unit presumably occurs. 

Staircase Effect. If the ventricle, made quiescent as indicated 
above, is stimulated with single effective shocks at intervals of, say, two 
to five seconds, and the height of each contraction is recorded on a 
kymograph, it will usually be found that the lirst four or five con¬ 
tractions form an ascending series. This is known as the staircase effect, 
or treppe. It is not a contradiction of the all-or-none law, for the 
strength of stimulation remained the same. It means that some im¬ 
provement in the condition of the cardiac muscle has taken place 
as a result of the first few responses to stimulation. The nature of the 
favorable change which occurs is unknown. Possibly there is an ac¬ 
cumulation of ions or metabolites that raise the irritability of the 
muscle or increase the permeability of the cell membrane. 

Refractory Period of the Beat. When stimulated during systole, 
heart muscle can show no additional contraction, for, according 
to the all-or-none principle, it is already contracting maximally. The 
period of systole is therefore an absolutely refractory period. The end 
of the T wave of the electrocardiogram marks approximately the end 
of the absolutely refractory period. Following this period there is a 
relatively refractory period during which the excitability of the heart 
is increasing but has not yet returned to normal. The relatively refrac¬ 
tory period occurs early in diastole. 

The refractory period can be illustrated on the exposed, beating 
heart of the frog connected with a muscle lever as described above. 
If the stimulus is applied to the ventricle during systole, no change in 
the tracing occurs; the heart is refractory. When, however, the stimulus 
is applied during diastole, a premature systole followed by a com¬ 
pensatory pause occurs, and the pause is the longer the earlier in 
diastole the stimulus is applied. During the relatively refractory period 
a stronger stimulus is required to evoke a response than during the 
rest of diastole. The explanation of the compensatory pause is simple: 
it occurs because the next regular rhythmic discharge from the sinus 
venosus to the ventricle, instead of evoking a normal ventricular 
systole, falls in the refractory period of the premature contraction and 
is therefore ineffective. The ventricle must then await the next dis¬ 
charge from the sinus venosus before it can contract. 

The phenomena of refractory period, premature beat, and com¬ 
pensatory pause apply also to the mammalian heart. Electrical or me¬ 
chanical stimuli to the heart may be used. 

It is commonly stated that heart muscle, unlike skeletal muscle, 
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cannot show summed contractions and cannot be tetanized, that is, 
thrown into continuous contraction by a series of rapid stimuli. The 
explanation lies in part in the long refractory period. Robb’s recent 
work appears to show that summed contractions and incomplete 
tetanus can be evoked in mammalian heart muscle. These properties 
are explainable in terms of the unit arrangement of mammalian 
heart muscle, as previously noted (p. 128). 

NERVOUS REGULATION OF THE HEART 

It has already been stated that the heart is an automatic organ, 
that is, that it generates its own stimulus for contraction and is there¬ 
fore not dependent upon the nervous system for the cause of its beat. 
In spite of the fundamental automaticity of the heart, it is constantly 
influenced by the nervous system, which regulates the frequency and 
force of the beat. The function of the cardiac nervous mechanism is to 
ensure the proper co-ordination and adjustment between the beat of 
the heart and the blood requirements of different parts of the body. In 
the absence of this regulatory influence, the output of the heart cannot 
be increased sufficiently to meet the demands of the body. 

Efferent Cardiac Nerves. The efferent nerves by which the heart 
is regulated are derived from the vagus and the sympathetic nervous 
system (Chapter XXXV). Most of the vagal cardiac fibers tend to 
slow or stop the heart beat. They are therefore referred to as the 
cardio-inhibitory nerve fibers. The sympathetic cardiac nerves tend to 
accelerate the beat and to increase its force and are therefore termed 
the accelerator nerves. Recent work has shown the presence of ac¬ 
celerator fibers in the vagus nerve, especially the right. 

An extensive anatomical study of the innervation of the heart of 
the dog and cat has been made by Nonidez. 

Car (ho-inhibitory Nerves. The cardio-inhibitory fibers, contained 
in the vagi, leave these nerves and pass to the heart by way of the 
cardiac plexus. The cardio-inhibitory fibers belong to the parasympa¬ 
thetic division of the autonomic nervous system. They therefore 
have peripherally located nerve cells around which the preganglionic 
fibers terminate and from which postganglionic fibers arise to pass 
to their destination. The cells of origin of the postganglionic fibers arc 
believed to be the numerous nerve cells found within the heart itself. 

The action of the inhibitory fibers is to slow the heart or even stop 
it for a short time in diastole, as may be shown by isolating the vagus 
nerve in the neck of an animal, dividing it, and stimulating its pe¬ 
ripheral end. The tendency of the right vagus nerve, when stimulated, 
to cause complete inhibition is greater than the tendency of the left. 
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The blood pressure is usually greatly reduced by the stimulation. Some 
efiects of vagus stimulation are shown graphically in Figs. 34 and 35. 
The inhibitory action of the vagus is true not only of mammals but of 
animals far below the mammals. In mammals the action at birth is 
often weak or absent (Kellogg, Huggett); in such cases inhibition is 


I’io. 34.—Showing slowing of the 
heart due to stimulation of the 
peripheral end of a cervical 
vagus nerve (in the pig). The 
signal (8) indicates the duration 
oi tlie stimulus. The slowing of 
the heart was accompanied by 
larger beats. During the longer 
diastoles the ventricles were 
filled more completely and, in 
accordance with the law of tlie 
heart, gave more forceful beats. 



increased or acquired later. The regulation of the heart rate in fetal 
lambs has been studied by Reynolds. 

*1 he question of the place of action of the vagus fibers on the heart 
has frequently arisen. The action is principally on the atria. The sino¬ 
atrial node, the atrial musculature, the A-V node, and the upper part 
of the A-V bundle are affected. The action on the pacemaker and 
opper part of the conduction system is mainly to decrease the atrial 
rate (chronotropic effect), whereas the direct action on the atrial 
niusculature is to decrease (he strength of atrial contraction (inotropic 
effect). There is little or no direct action of the vagi on the mam¬ 
ma lan ventricle, although of course the ventricular rate is diminished 
as a result of atrial slowing. Ventricular slowing is accompanied bv 
ncreased stroke volume. On the frog ventricle the vagus is capable of 
xerting a powerful depressing effect (Clark, 1027). If vagus stimuln 
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tion has caused complete inhibition of the heart, the ventricles, but 
usually not the atria, escape from the inhibition and begin to beat 
again even though the stimulation is maintained. Ventricular escape 
results from the development of an ectopic rhythmic center in a ven¬ 
tricular portion of the conduction system of the heart. 

The cardio-inhibitory nerve fibers are in a state of tonus. This 
means that they are constantly discharging inhibitory impulses to the 



Fio. 35.—Effect of stimulation 
of the peripheral end of a vagus 
nerve (left) on the heart beat 
and blood pressure (of a horse). 
The signal (s) indicates the 
duration of the stimulus. A 
mercury manometer was con¬ 
nected to the central end of a 
carotid artery. A clamp on the 
rubber tube leading from the 
nrterial cannula to the manom¬ 
eter was partly closed in 
order to damp the oscillations 
of the mercury. Chloroform 
anesthesia. 


heart. It will be shown later that the tonus of these fibers is de¬ 
pendent upon the tonus of their cells of origin in the medulla oblongata. 
That these nerve fibers are in a state of tonus is easily proved by 
cutting the vagus nerves, whereupon the heart rate is increased (Fig. 
36). The normal intensity of inhibitory tonus, and the consequent 
increase in heart rate following section of the vagi, vary in different 
animals. Animals with small hearts in relation to body weight (non- 
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athletic animals) have relatively rapid pulses when at rest, and sec¬ 
tion of the vagi can cause little acceleration; whereas animals with 
large hearts in relation to body weight (athletic animals) have rela¬ 
tively slow pulses when at rest, and section of the vagi causes great 
acceleration. A rabbit, an animal with a small heart, had a normal 
pulse rate of 205 and a pulse rate after vagal section of 321, an in¬ 
crease of only 5G per cent; whereas a hare, an animal with a large 
heart, had a normal pulse rate of 64 and a pulse rate after vagal section 
of 264, an increase of 312 per cent (Clark, 1927). The heart of the pig 
shows only a relatively small percentage increase after vagus tran¬ 
section or the injection of atropine, which blocks transmission at the 
inhibitory terminal mechanism in the heart (Dukes and Sclnvarte). 

It is now generally held, on the basis of very substantial evidence, 
that the vagi exert their inhibitory elTect by liberating, at their 
terminations in the heart, the chemical substance acetylcholine. In 



Flo- 36—Effect of section of the vagi on the heart rate and blood pressure 
('“ the dog). At 1, the right vagus was sectioned; at 2, the left vagus. The 
numerals along the blood pressure curve indicate the heart rate. (Dawson- 
from Howell, Physiology; copyright—W. B. Saunders Company.) 
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fact, the evidence strongly indicates that most, probably all, para¬ 
sympathetic nerve fibers exert their effects by liberating acetylcholine 
at their terminations. Such fibers are said to be cholinergic. 

Accelerator Nerves. Most of the accelerator nerves of the heart 
are derived from the sympathetic system. The preganglionic fibers 
leave the spinal cord on each side in the ventral roots of the second, 
third, fourth, and fifth thoracic nerves. The synaptic junctions of the 
preganglionic fibers are situated in the first thoracic and the last 
cervical ganglia. From cells in these ganglia the accelerator nerves 
arise, as postganglionic fibers, and run to the heart in the cardiac 
plexus in close relation to the inhibitory nerves. 

Evidence obtained in recent years (Kabat; Brouha and co-workers) 
indicates that some of the accelerator fibers of the heart run in the 
vagi, especially the right vagus. These fibers originate from nerve cells 
in the medulla and are not distributed through the sympathetic. They 
are believed to be capable of reflex excitation in the normal animal, 
for experiments indicate that they play a part in the reflex acceleration 
of the heart which occurs when there is a fall of blood pressure (Haney, 
Lindgren, and Youmans). 

The action of the accelerator nerves on the heart is opposite to 
that of the inhibitory nerves. Stimulation of the accelerator nerves 
usually causes the heart to beat faster (Fig. 37). There may also be 
an increase in the force of the beat. This will be reflected in beats of 
larger size (Fig. 38). The increases in rate and stroke volume may 
occur simultaneously or separately. If a great increase in rate occurs, 
the stroke volume may decrease. The increase in rate which accom¬ 
panies stimulation of the accelerator nerves is brought about by an 
action on the S-A node, whereas the increase in force is brought about 
by direct action of the accelerator nerves on the musculature of atria 
and ventricles. The sympathetic nerves, therefore, unlike the vagi, 
directly affect the ventricles. This is apparently true in all vertebrates. 
Sometimes during sympathetic stimulation the pacemaker of the heart 
shifts to the A-V node, the irritability of which has been increased 
by the stimulation. The shift may be revealed by electrocardiographic 
studies. 

The accelerator nerves are in a state of tonus. This is indicated by 
experiments of Bronk and co-workers, who recorded the electrical 
changes (spike potentials) in the accelerator nerves arising from the 
stellate ganglia. A continuous discharge of impulses exerting a tonic 
accelerator and augmentor effect on the heart was noted. The fre¬ 
quency of the impulses was usually less than 10 or 15 per second. The 
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discharge in the accelerator nerves was influenced by reflexes and by 
changes in the chemical composition of the blood. 

It is now generally recognized that the accelerator nerve fibers are 
adrenergic, that is, that they liberate at their terminations in the 
heart adrenaline or an adrenalinelike substance. Present evidence indi- 


Fia. 37.—Acceleration of 
the heart (in the pig) due 
to stimulation of an ac¬ 
celerator nerve (filament 
of left cardiac plexus). 
The signal (s) indicates 
the duration of the stimu¬ 
lus. There was a lag of 
about 13 seconds between 
the beginning of the 
stimulus and the begin¬ 
ning of the acceleration. 
The return of the heart 
rate to normal is not 
shown. 



cates that noradrenaline is the principal adrenergic nerve mediator or 
transmitter. However, adrenaline is present in small amounts mixed 
with noradrenaline. (Other names for noradrenaline are norepinephrine 
and arterenol; other names for adrenaline are epinephrine and nd- 
renine. The natural forms are levorotatory. Adrenergic nerve mediators 
are sometimes designated by the general term sympathin.) 

It is suggested that noradrenaline and acetylcholine, the trans¬ 
mitters of effects of adrenergic and cholinergic nerves, exert their ac¬ 
tion on heart and other tissues by affecting the polarization of surface 
membranes or the metabolic rate of the cells. 
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Cardiac Reflexes. The tonus of the cardio-inhibitory and cardio- 
accelerator fibers is dependent upon the tonus of the cardiac reflex 
centers in the medulla oblongata. The cardio-inhibitory center, from 
which the cardio-inhibitory fibers arise, is located in the dorsal nucleus 
of the vagus. The accelerator center, from which the accelerator paths 
originate, is probably also located in the medulla oblongata, although 
its position has not been determined. In close physiological and ana- 



Fio. 38.—Augmentation 
of tlie heart beat due to 
stimulation of a branch 
of the cardiac plexus (in 
the pig). The signal (s) 
indicates the duration of 
the stimulus. Note the 
absence of cardiac ac¬ 
celeration. 


tomical relationship with the cardiac centers are the vasomotor centers, 
by which the caliber of the blood vessels is regulated. Vasomotor con¬ 
trol is discussed in another chapter. 

Each of the cardiac reflex centers is influenced by the inflow of 
afferent nerve impulses from several sources, and it is by reason of this 
continual bombardment that the tonus of the centers is maintained 
and varied. The tonic activity of either center may be reflexly in¬ 
creased or decreased. Because of this the heart is under a very flexible 
nervous regulation. It is usually believed that most of the regulation 
takes place through the inhibitory mechanism. Experiments by 
Murphy on dogs suggest, on the other hand, that the function of the 
inhibitory mechanism is to maintain a basal heart rate lower than that 
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seen under ordinary circumstances. Under usual conditions a faster 
heart rate obtains because of reflex reduction of the tone of the cardio- 
inhibitory center and reflex stimulation of the accelerator center. When 
the animal is kept in quiet surroundings and is thus shielded from its 
environment, the heart rate, under the influence of the inhibitory 
mechanism, slows to its basal level, and no activity of the accelerator 
mechanism is evident. The accelerator mechanism is therefore regarded 
as an emergency mechanism helping to maintain the faster heart rate, 
together with its variations, which characterize ordinary existence. 

The statement that the cardiac reflex centers are influenced bv 
afferent impulses from several sources needs amplification. Stimulation 
of the central end of practically any nerve containing afferent fibers 
ma > cause reflex alteration of the heart rate. But the most important 
reflex effects on the heart are brought about by stimulation of nerves 
with receptors situated in the aortic arch, in the carotid sinus, and 
in the heart itself. 


Located in the wall (adventitia and media) of the aortic arch are 
nerve endings the stimulation of which causes reflex slowing of the 
heart and a fall of blood pressure. Under normal conditions these 
receptors are excited mechanically by the rise of blood pressure in the 
aorta at every beat of the heart. They are therefore pressure receptors 
(baroceptors). The nerve fibers transmitting these impulses constitute 
the aortic or depressor nerve. In most animals the aortic nerve runs to 
the medulla as a part of the vagus. In the opossum it is said to form an 
anatomically separate nerve. In the rabbit the fibers under considera¬ 
tion run in a nerve separate from the vagus, but the nerve is not made 
up exclusively of depressor fibers. It contains some pressor and efferent 
fibers as well (O’Leary, Heinbecker, and Bishop). 

If the blood pressure rises, the aortic pressure receptors are stimu¬ 
lated, whereupon a reflex slowing of the heart and a fall of blood pres¬ 
sure take place. If the blood pressure falls below normal, there is a 
cessation of impulses via the aortic nerve. This releases the eardio- 
mhibitory center from the stimulating effect of the aortic nerve and 
the eardio-accelerator and vasoconstrictor centers from the inhibiting 
effect. The heart therefore beats faster and vasoconstriction takes 
place. A return of blood pressure to normal occurs. So far as is known 
there are no receptors in the aortic arch that are stimulated by the fail 
m Pressure. The drop in pressure releases receptors from stimulation 

1 ♦ T , 8 ^y ing of 1 the heart thafc results when the aortic nerve is stimu¬ 
lated doubtless takes place through both the cardio-inhibitory and the 
eardio-accelerator centers, the one being stimulated, the other inhibited 
he vasodilatation is caused principally by an effect on the vaso- 
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constrictor center, which is inhibited; but under conditions of strong 
stimulation of the aortic nerve the vasodilator center is also brought 
into action. The vasomotor responses arc further discussed on p. 208. 

Arising in the carotid sinus , a bulbous enlargement at the bifurca¬ 
tion of the carotid artery, is an afferent nerve—the sinus nerve, a 
branch of the glossopharyngeal—stimulation of which likewise causes 
reflex cardiac inhibition and a fall of blood pressure. This nerve has 
pressure receptors in the wall of the carotid sinus which are stimulated 
at every beat of the heart by the rise of blood pressure in the sinus. The 
carotid sinus mechanism works on exactly the same principle as the 



Fio. 39.—Inhibition of sympathetic impulses to the heart by raising the 
pressure in the carotid sinus. The upper record shows the pressure variations 
in the sinus; the lower record, action potentials in sympathetic fibers to 
* he heart. (From Bronk, Research Publications of the Association for 
Research in Nervous and Mental Disease, 1910, 20.) 

aortic depressor mechanism just described. Stimulation of pressure 
receptors in the carotid sinus by an intrasinusal rise in pressure causes 
nerve impulses to pass to the centers in the medulla concerned in the 
reflex regulation of the circulation. The cardio-inhibitory center is 
stimulated and the cardio-accelcrator center is depressed (Fig. 39). 
Thus the heart rate is decreased. The vasoconstrictor center is inhibited 
and under some conditions the vasodilator center is stimulated. Thus 
the blood pressure falls. For some effects of stimulation of the sinus 
nerve in the horse, see p. 214. 

The aortic and sinus nerves arc sometimes referred to as the mod¬ 
erator or buffer nerves. By causing cardiac slowing and vasodilatation 
they prevent the blood pressure from rising too much. They are there¬ 
fore of great concern in the normal regulation of the circulation. In the 
regulation of the heart rate the afTerent mechanism of the aorta is more 
important than that of the carotid sinus (Winder). 

According to the work of Bainbridge and others, the rate of the 
heart is kept reflexly adjusted to the rate of venous flow into the right 
atrium. When the venous inflow is augmented, nerve impulses pass 
to the medulla oblongata by way of the vagi. These impulses decrease 
cardio-inhibitory tone and to some extent increase accelerator tone, 
and so cause an increase in heart rate. This reflex is often termed the 
Bainbridge reflex. The location of the receptors for the Bainbridge 
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reflex is usually stated to be the region at the root of the anterior vena 
cava. Work by Ballin and Katz confirms the existence of the Bain- 
bridge reflex in most of the dogs studied, but these authors were 
unable to obtain definite evidence as to the location of the receptors. 
Some of the observations suggested that reflexes originating in the 
pulmonary vessels and heart chambers other than the right atrium 
might be involved. 

The aortic and carotid bodies contain nerve endings (chemorecep- 
tors, chemoceptors) which respond to certain chemical changes in their 
environment. These chemoceptors are concerned in the reflex regulation 
of the circulation. They are discussed elsewhere (p. 211). 

The hypothalamus can influence the activity of the heart via the 
cardiac nerves. However this part of the brain-stem is not essential 
to cardiac control (p. 209). 

The cerebral cortex is capable of affecting the cardiac centers in 
the medulla. The changes in heart rate that accompany such psychic 
states as anger, fear, and embarrassment suggest that this is so. Ex¬ 
perimentally it has been shown that electrical stimulation of any one 
of a large number of regions of the cerebral cortex can bring about 
cardiovascular changes, including cardiac acceleration (p. 210). 

The principal drive of the cardiac nerve centers is derived reflexly. 
Yet it is probable that under some conditions chemical stimuli in the 
blood bathing the centers are of importance in determining their action. 
An increase of carbon dioxide or a decrease of pH may stimulate the 
cardio-inhibitory center. It is doubtful, however, if under ordinary 
conditions these factors are of much significance in the regulation of 
the centers. 

Some Cardiac Nervous Effects in the Pig and Sheep. Very little 
work has been done on cardiac regulation in farm animals. Dukes and 
Schwarte made some observations on this topic and on vasomotor 
responses (p. 214) in the pig. The evidence indicated that vagus tone 
was fairly well developed. Cardio-inhibitory power was better de¬ 
veloped in the right vagus nerve than in the left. Stimulation of the 
cardiac plexus of the pig gave acceleration and augmentation of the 
heart beat. 

Rangsit studied certain cardiac nervous and vasomotor (p. 214) 
reactions in sheep. The degree of vagus tone as indicated by the in¬ 
crease in heart rate following injection of atropine varied. In some 
animals it was very definite, whereas in others it was slight. Stimula¬ 
tion of the peripheral end of one vagus nerve never caused complete 
inhibition of the heart. Complete inhibition upon stimulation of the 
peripheral ends of both vagi was not the usual response. 
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Reynolds has made observations on the effect of vagotomy in the 
ewe (lightly anesthetized) as a part of his studies on the regulation of 
the heart rate in fetal lambs. Vagus tone was found to be weak. Stimu¬ 
lation of the peripheral end of the transected vagus slowed or stopped 
the heart. 


CHEMICAL REGULATION OF THE HEART 

Nervous control (including neurohumoral control) of the heart 
has just been considered. That chemical factors are also concerned in 
cardiac regulation is generally lecognized. But it is a question whether 
a specific chemical regulator—a heart hormone—is involved in cardiac 
control. Most investigators have been unable to confirm the idea of a 
heart hormone. 

Among the chemical factors affecting the heart beat the following 
may be mentioned: (1) certain cations, Na, Ca, K, present in the 
blood and tissue fluids (p. 125), (2) adrenaline, and (3) carbon dioxide 
and other acid products of metabolism. 

The effect of adrenaline on the heart may be studied on an isolated 
preparation perfused with Locke’s solution. The hormone is added to 
the perfusate. Both the rate and the amplitude of the beat are increased 
(Fig. 40). This is brought about by stimulation of the sympathetic 
terminal mechanisms in the heart. The oxygen consumption of the 
heart is increased. 

In the intact animal adrenaline injection causes reflex slowing of 
the heart because of the stimulation of the aortic and carotid sinus 
receptors by the high blood pressure, which results from widespread 
vasoconstriction. The reflex bradycardia is followed by paroxysmal 
ventricular tachycardia. This results from depression of the S-A and 
A-V nodes by vagus action and the development of a ventricular 
ectopic center by the action of adrenaline. 

Noradrenaline and adrenaline are similar chemically, the latter 
being a methylated derivative of noradrenaline; but on some organs, 
at least, there are important differences in their actions. However, the 
circulatory effects (heart rate, blood pressure, and blood flow of the 
dog) of the two compounds in identical doses are practically the same 
(Wakim and Essex). 

Carbon dioxide is a waste product of cellular metabolism. However, 
it is more than this. It exercises favorable, in some cases indispensable, 
controlling effects in the body. Within limits carbon dioxide exerts a 
stimulating effect upon the heart, increasing both the force and the 
frequency of the beat. Other acid products of metabolism probably act 
similarly. 
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Fig. 40. —The effect of adrenaline on the isolated heart (of the rabbit). At the 
signal the hormone was injected into the perfusion fluid feeding the heart. Both 
the rate and the amplitude of the beat are increased. (From Dukes and Butt, 
Cornell Veterinarian, 1941, 31.) 

The average limit of blood acidity that the heart of the normal 
(anesthetized) dog can tolerate is pH 6.25. The limit is the same for 
hydrochloric and lactic acids (Gertler, Hoff, and Humm). 

EFFECT OF TEMPERATURE ON THE HEART 

The response of the heart to changes in the temperature of the fluid 
bathing its cells may be studied in several ways: (1) by perfusing 
the isolated organ with a fluid whose temperature can be varied; (2) 
by use of a heart-lung preparation in which temperature is the variable 
factor; (3) by intravenous infusion of fluids of different temperatures 
into intact animals; and (4) by changing the temperature of the whole 
animal by subjecting it to variations in the environmental temperature. 

It is well known, of course, that as the temperature is increased 
the heart rate increases and that as the temperature is lowered the rate 
decreases. The changes in heart rate arc brought about by changes in 
the rate of chemical reactions going on in the pacemaker cells. The 
type of curve which defines the relationship between temperature and 
heart rate is, however, not fully agreed upon by research workers. 
Knowlton and Starling in their pioneer work on the heart-lung prepa¬ 
ration found a linear relationship between temperature and heart rate, 
but some workers have obtained nonlinear curves in both mammalian 
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hearts and the hearts of cold-blooded animals under some conditions. 
Badeer has recently reinvestigated the question in heart-lung prepara¬ 
tions with improved technics. The temperature around the S-A node 
was recorded with a needle thermocouple inserted into the region of the 
node and the rate of firing of the node was determined electrocardio- 
giaphically. It was found that in the range of 25 to 38°C. the tempera¬ 
ture-pacemaker relationship is linear, thus confirming Knowlton and 
Starling. Badeer offers a discussion of the nonlinear relationship re¬ 
ported by a number of other workers. 

Landsteiner and Hayes investigated the effect of the temperature 
of the blood on the heart rate by injecting physiological salt solution 
at various temperatures into the jugular vein of intact anesthetized 
cats and rabbits. Infusion of cool solutions (22°C. to 36°C.) caused a 
slowing of the heart of 20 to 100 beats below the normal. Infusion 
of saline solutions at body temperature caused no change in the heart 
rate. Infusion of warm saline solution (43°C. to 57°C.) caused ac¬ 
celeration of the heart of 10 to 90 beats above the normal. The effect 
of the infusions on the heart rate was not altered by bilateral vagotomy 
nor by the type of anesthetic used. In general the lower the tempera¬ 
ture of the saline solution injected the more pronounced was the 

bradycardia; the higher the temperature the more pronounced the 
tachycardia. 

The cardiac acceleration that accompanies fever results from an 
increase in the metabolic rate of the S-A node. 

HEART RATE 

As a rule smaller animals have a faster heart rate than larger 
animals. This is related to the fact that the smaller animals have 
a higher metabolic rate per unit of body weight. It is pointed out by 
Brody that the pulse rate is directly proportional to the basal oxygen 
consumption per unit of body weight in mature animals of different 
species. 

The inverse relationship between heart rate and body size applies 
both within the species and among the different species. For example, 
a small dog may have a resting heart rate of 120 beats per minute, 
whereas a large dog may show a rate of only 80 or less. The heart rate 
of the mouse is some 600 beats per minute; rat, 400; guinea pig, 280; 
elephant, 30 

In some species there is a sex difference in the heart rate, but this 
is not present in all species. 

Young animals have a faster heart rate than mature animals. This 
is illustrated in the horse and ox by Table 11. The faster rate in young 
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Table 11. Chances in Pulse Rate with Age 



Age 

Pulse Kate 

Horse. 

8-10 weeks 

60- 70 


G IllOlltliH 

60- 71 


10-12 months 

50- 68 


2 years 

44- 65 


3 years 

39- 62 


4 years 

36- 59 


5 years 

36- 57 

Ox. 

Fetus 

154-175 


Newborn 

118-148 


6-12 hours 

115-136 


2— 4 days 

110-125 


8-14 days 

105-115 


1 month 

100-115 


3 months 

90-105 


6 months 

S5-103 


1 year 

80- 98 


(Data from Lllliiuier as cited by Tigerstcdt.) 


animals is explained in part by their smaller size. Another factor is that 
tonic vagal inhibition is less developed in young animals. 

A seasonal variation in the heart rate of dairy cows has been re¬ 
ported by Ralston and co-workers. The highest rates were seen in April 
and October, the lowest in June and August. 

Other physiological factors influencing the heart rate are excite¬ 
ment, muscular exercise, high environmental temperature, digestion, 
and sleep. Changes in heart rate are seen in a variety of pathological 
conditions. 

Resting heart rates of animals are shown by the following figures 
tin beats per minute): 


Horse 

32-44 

Dog 

70-120 

Horse (Thoroughbred) 

38-45 

Cat 

110-130 

Dairy cow 

60-70 

Chicken 

200-400 

Sheep and goat 

70-80 

Man 

60-90 

Pig 

60-80 



As a part of their electrocardiographic studies on normal dairy 
cattle, Alfredson and Sykes (1942) determined the heart rates of the 
animals. The mean rate for all the cattle was 71.6 beats per minute. 
The standard error of the mean was 1.22 beats per minute. For animals 
up to 1V 2 years of age, the rate was considerably greater, the average 
being 82.5. For animals over IV 2 years old, the average rate was 67.8. 
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Variations in heart rates of dairy cows have been studied by 
Blaxter, who points out that when heart beats are counted with a stetho¬ 
scope an initial high rate should be disregarded. Standing was found 
to increase the heart rate o to 7 beats per minute over lying. Rumina¬ 
tion caused a slight increase in rate. Rating caused a definite increase 
in heart rate; at the end ol a large meal rates of over 100 beats per 
minute were not abnormal. 

In the work of Thomas and Moore, the heart rate of cows showed 
a definite increase during the last three months of gestation. During 
lactation there was a decrease in heart rate, which was similar to the 
decline in milk production. When nutrients were consumed in excess 
of the requirements, the heart rate increased. Heart rate in the dairy 
cow is directly proportional to the total metabolism of the animal. 
Heart rates of dairy cows as affected by gestation and lactation are 
shown in Fig. 41. 

In an electrocardiographic study on beagle dogs ranging in age 



Fia. 41.—Average heart rate of dairy cows during the last three months of 
pregnancy (left) and during lactation (right). The number of cows in the pregnant 
group was 19. The number in the lactuting group averaged 20 and included nnimals 
in the first to seventh lactation. The intake of total digestible nutrients in the 
lactating group was 100 to 110 per cent of the normal requirement. (Graph by 
Thomas and Moore; from data in Journal of Dairy Science, 1951, 34.) 
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from 5 to 28V 2 months, the heart rate varied from 90 to 180, with a 
mean of 138 (Petersen and co-workers). In other work on the canine 
electrocardiogram, the heart rate of animals 2 to G months old ranged 
from 88 to 214, and of those over G months old, from 67 to 214 
(Lannek). 

Booth and Rankin determined the heart rate in over 100 normal 
cats, mostly mature. The mean rate was 176 beats per minute, with a 
standard deviation of 44. 

In studies of the electrocardiogram of chickens (White Leghorn 
females), the heart rate varied from 180 to 340, with a mean of 279 
(Sturkie). Other work on the heart rate of the domestic fowl includes 
that of McNally and of Henderson and Hathaway. 

The making of electrocardiograms on untrained excitable animals 
may cause a distinct acceleration of heart rate because of the excite¬ 
ment accompanying the different procedures. 

The basal heart rate of the dog appears to be much lower than the 
rate when taken under ordinary conditions. Murphy determined the 
heart rates of normal quiet dogs that had been required to fast for 
12 hours and had rested for an hour in a quiet room. The rates obtained 
under these conditions ranged from 50 to 56 beats per minute and were 
considered to be near basal. In the same group of dogs before special 
treatment the rates ranged from 80 to 130. 

Basal heart rates below 40 have been reported in athletes (White). 

EFFECT OF MUSCULAR EXERCISE ON THE HEART RATE 

Increased muscular effort calls for more oxygen, which is largely 
supplied by increasing the minute output of the heart. As has been 
shown, this may be brought about by an increase in the stroke volume 
or the heart rate or both. That the heart rate is usually distinctly 
increased as a result of exercise is a familiar fact. The possible increase 
is directly correlated with the intensity of vagal tone at body rest. 
The increase in heart rate that accompanies exercise is caused by a 
number of factors, some of which are the following: (1) During exer¬ 
cise the motor discharges originating in the higher brain centers and 
passing to the skeletal muscles apparently affect the respiratory and 
cardio-inhibitory centers, stimulating the former and inhibiting the 
latter. This may help to increase the respiratory and cardiac rates at 
the very beginning and throughout the course of the exercise. Stimula¬ 
tion of the accelerator mechanism may also occur. (2) The increased 
venous return to the heart, caused by the augmented aspiratory action 
of the thorax and the massaging action of contracting skeletal muscles 
on the veins, may bring about acceleration of the heart by evoking 
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the Bainbiidge reflex. (3) With prolonged exercise a rise of temperature 
may be of importance in causing cardiac acceleration. (4) Liberation 
of adrenaline may be a factor. 


SOME CARDIAC ARRHYTHMIAS 


Experimental Neurosis. Sheep in which this condition has been 
de\ eloped show a cardiac disorder characterized by a rapid and irregu¬ 
lar pulse and by great sensitivity of the heart to stimuli which in other 

sheep produce no change in the heart action (Anderson, Parmenter and 
Liddell). 


Sinus Arrhythmia. 1 1 i is heart irregularity is very common in quiet 
dogs and may occur in other animals and in people at rest. The ar¬ 
rhythmia may be so pronounced as to be readily detected by ausculta¬ 
tion of the heart or palpation of the pulse. The electrocardiogram 



Fic. 42.—Sinus arrhythmia in a normal dog. 
Note the variation in the T-P intervals. 


reveals the presence of the usual waves in normal sequence. It is the 
spacing of the waves that is affected, the principal change being in the 
interval from T to P. This interval varies inversely with the heart 
rate (Fig. 42). Sinus arrhythmia is due to alternate increase and 
decrease of vagal activity and bears a relation to respiration, there 
being acceleration of the heart during inspiration and slowing during 
expiration. Apparently at least two factors enter into the production 
of the arrhythmia. (1) Stretch of the lungs during inspiration stimu¬ 
lates pulmonary receptors which give rise to nerve impulses that de¬ 
press the cardio-inhibitory center and thus cause the heart to beat 
faster. (2) Impulses pass from the inspiratory center to the vagus 
center, inhibiting its activity, with resulting heart acceleration. This 
cardiac irregularity is completely harmless. 

Anything that diminishes the inhibitory control of the heart or 
increases the accelerator control will cause the arrhythmia to dis¬ 
appear. Thus excitement, exercise, and the administration of atropine 
are effective in abolishing the arrhythmia. It disappears under ether 
anesthesia, but it may be observed under pentobarbital anesthesia. 

A form of sinus arrhythmia unrelated to respiration may occur in 
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certain cardiac disorders in man, but whether or not it occurs in ani¬ 
mals appears not to have been determined. 

Respiratory sinus arrhythmia is the only arrhythmia present in 
normal dogs (Lannek). 

Heart Block. In this condition there is defective transmission of 
impulses in the conduction system of the heart. Three stages of atrio¬ 
ventricular heart block are recognized: incomplete, partial, and com¬ 
plete. In incomplete heart block there is a prolongation of the atrio¬ 
ventricular conduction time (P-R interval of the electrocardiogram). 
In partial heart block some of the impulses from the sinoatrial node 
fail to get through to the ventricles, which are not excited. The electro¬ 
cardiogram reveals normal P waves but occasionally absent ventricular 
complexes (Q-T). In complete heart block all impulses fail to reach 
the ventricles and the upper and lower chambers beat at independent 
rates, the ventricular rate being much slower than the atrial. 

The various stages of atrioventricular heart block can be produced 
by experimental compression of the A-V bundle or they may occur 
in clinical cases. All three stages of heart block may be seen in horses 
(Dukes, Batt, Luisada, Roos, Lannek, Detweiler). Partial heart block, 
the commonest form, is reported to occur in 16 to 20 per cent of horses 
(Norr, cited by Lannek; Detweiler). Partial heart block of horses is 
usually functional, disappearing after the injection of atropine or 
during excitement. Functional heart block is caused by overaction of 
the vagus on the A-V node. The first beat after the dropped beat has 
been designated as the post-block beat; the Q-T interval is shortened 
and the T wave changes in amplitude (Detweiler, Lannek). The 
changes in the electrocardiogram in the post-block beat are probably 
due to sympathetic overaction during that beat. 

An electrocardiogram of partial heart block in a horse is shown in 
Fig. 43 and one of almost complete heart block in Fig. 44. 

Bundle-Branch Block. Experimental or clinical damage to a branch 
of the A-V bundle will produce, among other things, a characteristic 
prolongation and change in the form of the QRS group. Alfredson and 
Sykes (1940) observed in calves, however, that changes in the duration 
and form of the QRS after section of either bundle-branch were much 
less marked than in dogs. They suggest that differences in the intra¬ 
ventricular conduction system in the two species might explain the 
differences seen in the electrocardiograms of bundle-branch block 
These same investigators have shown that the QRS group is prolonged 

and its contour and voltage changed in calves on a low-potassium 
diet. 

Premature Beats. Heart muscle is refractory to stimuli applied 
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during systole. However, atria or ventricles will respond with a pre¬ 
mature beat if a stimulus is applied during the nonrefractory period 
If the atria respond with a premature beat, the ventricles will also 
contract in due course. The premature contraction is followed by a 


compensatory pause (p. 129). 

Any part of the myocardium or its conduction system may become 
the seat of the heightened irritability which causes a stimulus for a 
premature beat to arise. If the premature beat is initiated in the S-A 
node or the atrial musculature, it is designated as an atrial premature 
beat; if it is initiated in the ventricle, it is termed a ventricular pre- 
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Fig. *13—Flectrocardiogrom (lead III) of :i horse showing partial heart block. 
Note the absence of a ventricular complex after the second P wave. The diphasic 
P wave is not abnormal. The P-R interval (0.10 sec.) is longer than the average 
for horses. T he wave after P is the atrial T wave, which may be evident when the 
P-R interval is prolonged. The T wave shows a high voltage. 


mature beat; if it arises in the A-V node, it is a nodal premature beat. 
Premature beats may not indicate any cardiac disease at all, but 
they may occur when there is an interference with the blood supply 
to some part of the myocardium. The irritability of the ischemic region 
may thus be heightened to a point where it becomes a pacemaker 
setting off one or more premature beats. 

Ventricular premature beats may occur under conditions of over¬ 
action of the vagi, particularly if there is an accompanying stimulation 
of the sympathetic nervous mechanism to the heart. The vagi supply 
the S-A node, the atria, and the A-V node but not the ventricular 
musculature. During vagus stimulation the normal pacemaker is in¬ 
hibited but there is little or no direct effect on the ventricles. The 
sympathetic nerve supply reaches the ventricles. During inhibition of 
the normal pacemaker the sympathetic mechanism, particularly if its 
action is enhanced by emotional stress or by adrenaline, may cause 
the development of a ventricular ectopic center which will lead to pre¬ 
mature beats or even to ventricular tachycardia. 

Premature beats are not thought to be common clinical occurrences 
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in animals. However, few studies of 
the question appear to have been 
made. Lannek states that Norr re¬ 
ported that of 100 horses that had 
arrhythmia of the heart and pulse 
15 per cent showed premature beats 
(“extrasystoles”). Premature beats 
(“extrasystoles”) have been found 
in clinical electrocardiographic 
studies in the dog. In this animal 
they are regarded as pathological 
signs (Lannek). 

Ventricular Fibrillation. When 
a coronary artery is occluded, the 
normal ventricular contractions 
often cease and a condition known 
as ventricular fibrillation sets in. 
This incoordinate type of contrac¬ 
tion, when fully developed, is quite 
ineffective in pumping blood. The 
blood pressure therefore falls to a 
very low level and death rapidly 
follows. Other causes of ventricular 
fibrillation are stimulation of the 
ventricle with induction shocks or 
with condenser discharges of fairly 
high frequency (10 to 15 shocks per 
second or higher) ; stimulation with 
an alternating current of relatively 
low voltage or with direct current; 
thermal, mechanical, or chemical ir¬ 
ritants applied to the heart; and 
inhalation of toxic amounts of 
chloroform, benzene, cyclopropane, 
and other vapors. 

Single induction shocks or single 
condenser discharges seldom cause 
fibrillation, but single shocks with 
direct (galvanic) current may pre¬ 
cipitate this condition. 

Intravenous injections of cal- 



Fio. 44. Electrocardiogram of a horse showing almost complete heart block. The record shows numerous regularly spaced 

atrial waves (P) but only three ventricular complexes. The third ventricular complex probably arose under the influence of 
the normal pacemaker. (From Dukes. Cornell Veterinarian, 1940. 30.) 
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cium salts for therapeutic purposes in cows may result in acute toxicity 
and, occasionally, in sudden death. The chloride is more dangerous in 
this respect than the gluconate. Ventricular fibrillation is probably the 
usual cause of death 'when it occurs under these circumstances. 

Several stages of ventricular fibrillation are recognized. First there 
are premature ventricular beats, usually arising from multiple foci of 
hyperexcitability in the ventricle. Then comes a stage of tachycardia, 
which lasts a second or less. Next to develop is a condition, sometimes 
designated as ventricular flutter, in which there are irregular localized 
contractions accompanied by large electrical changes at a frequency of 
600 or more per minute. In 15 to 40 seconds ventricular flutter passes 
into fully developed fibrillation. This “is characterized by multitudes 
of irregular yet forceful, shivering or trembling motions, each spread¬ 
ing very short distances and with highly variable frequencies over dif¬ 
ferent surface regions” (AYaggers, 1944). The accompanying electrical 
changes are small and have frequencies of 1100 to 1700 per minute. 
After two or three minutes, as the effects of circulatory failure and 
anoxia of the myocardium develop, the waves of contraction become 
weaker and travel more slowly. 

In the stage of flutter intraventricular pressure is raised to some 
extent, but in the stage of fully developed ventricular fibrillation it is 
raised only very slightly. 

Ventricular fibrillation does not involve the atria, these chambers 
continuing to beat in a normal manner. 

A commonly held theory of fibrillation is that of re-entry of im¬ 
pulses. These start from a repetitively discharging focus in the myo¬ 
cardium and spread to more remote regions of the heart. They even¬ 
tually reach the discharging focus, which has now passed out of the 
refractory period into an excitable state. Ife-entry of the impulses 
thus takes place and their propagation and recircuiting occurs. Ap¬ 
parently the greater the myocardial mass the greater are the chances 
that the circuiting impulses will reach a part of the myocardium that 
has passed out of its refractory period and that can therefore permit 
their re-entry and propagation. This offers a suggestion as to why 
large hearts so seldom come out of fibrillation spontaneously whereas 
small hearts often do. 

Effect of Electric. Shock on the Heart. An extensive study of this 
subject in animals has been made by Ferris and co-workers. Their 
standard conditions included the use of 60-cycle alternating current 
for a duration of 3 seconds. The electrodes w r erc applied to the right 
foreleg and the left hind leg. They point out that current rather than 
voltage is the correct criterion of shock intensity. The average maxi- 
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mum current not causing fibrillation in the different species is shown 
in Table 12. In the smaller species (guinea pig, rabbit, cat) there was 
a tendency for the hearts to recover spontaneously from fibrillation. 
In tests on 500 sheep there was only one spontaneous recovery from 
ventricular fibrillation. (It is a well-known fact that in dogs spontane¬ 
ous reco\ery is rare.) Electrocardiograms made during ventricular 
fibiillation were alike whether the fibrillation had been produced by 
direct current or alternating current. The heart was found to be most 
sensitive to fibrillation for shocks that were applied during the part 

of the ventricular cycle corresponding to the T wave of the electro¬ 
cardiogram. 


Table 12. 


Maximum 60-Cycle Current Not Causing 

of Ventricles 


FlBHILLATION 


(Duration of shocks, 3 sec. Electrodes on right foreleg and left hind leg) 


Species 

Body Weight 
(av). 

Maximum 
Nonfibrillating 
Current (av.) 

Guinea pig 

kg. 

0 

rnilliamp. 

20 

25 

23 

92 

200 

240 

270 

Kabbit... 

VI . oo 

O 9 

Cat.... 


Dog. 

- . VI 

99 

Pig. 

70 

Sheep.... 

/ y 

Calf. . . . 

Ql) 

7n 

— - - _ 

4 U 

(Data from Ferris and co-workers.) 


As to man, Ferris and co-workers concluded as follows: “A current 
just below the threshold for ventricular fibrillation is the maximum to 

W . 1C man safely may be subjected. Based upon numerous tests on 
animals of several species comparable in size with man, this maximum 
current is about 0.1 ampere, for a duration of one second or more and 
a pathway between an arm and a leg.” 

Defibrillation of the Ventricle by Electric Shock. It has been known 
or many years that the ventricle can be thrown into fibrillation by 
electric current passing through the heart and that it can be defibril- 

u** p Str0ng C , Urrent flowin g f °r a short time through the fibrillating 
Heart Ferris and co-workers found that fibrillation produced bv an 

nor^L ’ T USUa ‘! y be Stopped and the *“•* £ n^de to beat 

short du'ratfon thro y ug a h 8 t te S he U a C rt nt ° f * nd 
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In recent years much interest lias centered around the problem of 
electric defibrillation of the fibrillating ventricle. The subject is not 
of theoietical interest but of practical importance in surgical and 
othei wo 1 k. Voltage and amperage requirements for dcfibrillation have 
been investigated and diflerent types of defibrillators devised. Alternat¬ 
ing curient countershocks are usually used (Guyton and Satterfield j 
Leeds, Mackay, and Mooslin; Stearns, Maison, and Stutzman), but 
condenser discharges and other types of countershock have been shown 
to be effective (Lape and Maison). It is now possible with relatively 
simple equipment and with a high degree of success to restore the 

fibrillating ventricle to a normally beating condition, even in the intact 
animal. 

It has been suggested that trains of shocks stop fibrillation “by 
blockage of fibrillation action potentials as they momentarily enter 
the effective field of the stimuli” (Guyton and Satterfield). A single 
stiong shock is effective probably because it throws the entire ventricle 

into a refractory condition, after which the normal pacemaker resumes 
control. 

Hey mans has recently reviewed the subject of survival and revival 
of nervous tissues after circulatory arrest. The subject is closely related 
to the sudden arrest of the circulation that occurs in ventricular fibril¬ 
lation and cardiac standstill. 

Effects of Injections of Calcium, Potassium, and Magnesium. 
Cardiac and respiratory effects of intravenous injections of calcium, 
potassium, and magnesium in dairy calves have been studied by Berg¬ 
man and Sellers. Intraventricular pressures, electrocardiograms, phono- 
cardiograms, and pneumograms were recorded. The calcium injec¬ 
tions (gluconate, chloride) produced bradycardia followed by terminal 
tachycardia and in some cases ventricular fibrillation and death. 
Atrial flutter was seen in some experiments. Other electrocardiographic 
changes were noted. Potassium injections produced progressive intra¬ 
ventricular block and cardiac arrest. Magnesium injections caused 
anesthesia, respiratory embarrassment, and in one instance respiratory 
failure and death. The effects on the heart were not striking. Atrio¬ 
ventricular and intraventricular conduction was depressed. Souza has 
reported on the action of calcium, potassium, and magnesium ions on 
the heart of the sheep. 

Some effects of calcium injection are shown in Figs. 45, 46, and 47. 

Craige has studied the reactions of cows to intravenous injections 
of calcium salts. 

Atrial Fibrillation. In this condition the atria show rapid, irregular, 
more or less incoordinated contractions which arc of no value in 
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CALF 951 CaCl2 7-24-52 


SERUM Ca-4.7 mEq/l. SERUM Ca-15.6 mEq/l. SERUM Ca-29 6mEq/l 

iCorotldPTilse - j - - r ~'! _ 



mo 45.—Carotid pressure, electrocardiogram, and respirations of a calf before 
(left) during (center), and after (right) injection of calcium chloride. Center 
record shows heart block and ventricular premature beats. Right record shows 
achycardia and a sudden fall of blood pressure. A few seconds later ventricular 
fibrillation followed by death occurred. Probable bundle-branch block at arrow, 
roin ergman and Sellers, American Journal of Veterinary Research, 1951, 15.) 


emptying the chambers. They therefore become distended. The P waves 
of the electrocardiogram are absent, but fine electrical changes at a 
frequency of several hundred per minute are present. Atrial fibrilla¬ 
tion can be produced experimentally by stimulating the atria with 
repeated electric shocks, by injection of aconitine into the region of 
the b-A node, and in other ways. Atrial fibrillation does not result in 
ventricular fibrillation, but the rate of the lower chambers is usually 

“ In ““ and the d °g ^ ^ster than normal, whereas in the 
ficuse it may be decreased, within the normal range, or increased 
etweiler) AtnaJ fibrillation induced by electrical stimulation often 
ppears shortly after the shocks arc discontinued, but it may con- 
nue for some time after the stimulus has ceased. That caused hv 
aconitine injection may last for a considerable time. y 

IT A *u al , n,,n,lation ma y be preceded by a condition of atrial flutter 
Here the beat is regular but very rapid *' 

A clinical condition of atrial fibrillation is common in man (Lewis, 
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Fig. 40.—Effect of calcium on the electrocardiogram (ECG) of the sheep under 
pentobarbital sodium anesthesia. All records are from the same animal. 

(Explanation of Fig. /,6 appears on facing page.) 
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Fig. 17.—Ventricular fibrillation in an unnnesthetized sheep after intravenous injec¬ 
tion (in several amounts) of 1000 ml. CaCh (25 per cent). (From Souza, Action 
of Anesthetics and Ions on (he Heart, thesis, Cornell, 1952.) 


Wiggers), and it is sometimes seen in animals (Roos, Batt, Lannek, 
Detweiler). The clinical condition can be diagnosed by a study of tlie 
electrocardiogram and of the jugular pulse. 


A. Normal ECG, lead II, sheep standing. Heart rate, 150 beats per minute. 

B. ECG of sheep under pentobarbital sodium anesthesia and lying on right 
side. Heart rate, 150. T wave inverted. 

C. ECG after intravenous injection of 50 ml. of 5 per cent CaCh. Heart rate, 
150. T wave inverted and amplitude decreased. 

D. After a second injection of 50 ml. CaCh solution. Heart rate, 176. T wave 
inverted and amplitude very small. 

E. After a third injection of CaCh solution, this time 100 ml. Heart rate 100 
P wave just evident, T upright, QRS altered. 

F. After a fourth injection of CaCh solution, 100 ml. Heart rate, 166. T upright 
and of high voltage, ST segment lacking. 

absent, BtlCT F ' AVer ° K ° '' Cart r “ U '’ “' P "“ ve and ST «*™e n t 

am^JdT mmUU!5 aftCr G He “ rt rat °’ 3 °’ P an<1 ST absanl ’ R aad T of high 
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Chapter VI 


FLOW OF BLOOD IN THE BLOOD VESSELS 


BLOOD-VASCULAR SYSTEM 

T HE blood vessels of the body are of three main kinds: arteries, 
capillaries, and veins. Three types of arteries are recognized: 
elastic, muscular, and arterioles. Elastic arteries include the aorta, 
some of its large branches, and the pulmonary artery. Their walls con¬ 
tain much yellow elastic connective tissue. Muscular arteries contain 
a great deal of smooth muscle in their walls. Arterioles arc small 
muscular arteries. Running from small arterioles directly to venules 
are arteriolovenular bridges, or thoroughfare channels, which are short 
circuits between the arterial and venous circulations. The proximal 
portions of these channels are muscular and are termed mctartcrioles. 
True capillaries begin at prccapillary sphincteric offshoots from the 
thoroughfare channels and comprise an interanastomosing system of 
vessels devoid of muscular elements. The mctartcrioles and precapillary 
offshoots undergo periodic changes in caliber which serve to limit 
blood flow to the thoroughfare channels or permit it to pass through 
the extensive capillary bed. This motor activity is termed vasomotion. 
The thoroughfare channels arc always open to the circulation, but 
the flow through the capillary net is variable, being related to the 
activity of the tissues which it supplies. Capillaries unite to form 
tributaries which flow info the distal portion of the thoroughfare chan¬ 
nels. 

The thoroughfare channels are thought to be important places of 
outward filtration, whereas the true capillaries, in which there is a 
lower hydrostatic pressure, are believed to be important places of in¬ 
ward filtration or absorption (Chambers and Zweifach). 

In addition to the above-described vascular arrangements in the 
region of the capillaries, there also exist arteriovenous anastomoses. 
These are direct connections, or shunts, without the intervention of 
capillaries, between arteries and veins. They are larger than capillaries, 
some of them having internal diameters of 200 microns or more. They 
are present in birds and mammals, including man. In birds they occur 
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especially at the base of the claws. In mammals they are found in the 
penis, at the base of the claws or hoofs or in the toe pads, in the ears, 
in the nose and snout, in the liver, spleen, and lungs, and in other 
locations. They have been extensively studied in the ears of rabbits 
by means of permanently installed transparent windows (Clark, 1938). 
They behave much as do arteries and arterioles, being capable of 
spontaneous contraction and dilatation. When dilated they allow a 
large quantity of blood to pass directly from artery to vein without 
traversing the capillaries. In some locations they probably assist in 
heat loss or the warming of peripheral parts by bringing larger amounts 
of blood to the surface. In other locations they probably have other 
functions. 

The number of capillaries in the body is inconceivably great. Some 
studies by Krogh are of interest. This worker estimated that in a skele¬ 
tal muscle fragment (horse) with a cross section no larger than that of 
an ordinary pin (about 0.5 sq. mm.) there are some 700 parallel capil¬ 
laries in addition to about 200 muscle fibers. In the dog the number 
of capillaries in a similar transverse section is nearly twice as great, 
but in the frog only about a third as great. The surface presented by 
1 ml. of blood as it flows through the capillaries of the skeletal muscles 
of the horse is 7300 sq. cm.; of the dog, 5600 sq. cm.; of the frog, 2700 
sq. cm. If all the capillaries in the skeletal muscles of a man could be 
placed end on end, the tube formed would reach around the world 
some two and a half times. 

The systemic circulation conveys arterial blood from the left side 
of the heart to the body tissues generally, and returns venous blood 
from the tissues to the right side of the heart. The pulmonary circula¬ 
tion conveys venous blood from the right side of the heart to the lungs, 
where gaseous exchange takes place, and returns arterial blood to the 
left side of the heart. The coronary circulation is a part of the systemic 
circulation; it supplies blood to the heart itself. The term portal circu¬ 
lation is applied to the circulation of the portal blood through the 
liver. The portal vein receives venous blood from the capillaries of the 
stomach, intestine, pancreas, and spleen, and in the liver it breaks up 
into capillaries like an artery. These capillaries unite to form the 
hepatic veins, which open into the posterior vena cava. Therefore blood 
passing through the capillaries of the gastrointestinal canal, pancreas, 
and spleen must pass through this second set of capillaries in the liver 
before it enters the posterior vena cava. The liver also receives blood 

from the hepatic artery. This is mixed with the portal blood in the 
liver. 
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HISTORICAL 

In tliis system of vessels the blood is kept in continuous circulation 
mainly by the force of the heart beat. Some of the ancients believed 
that the movement of blood was of the nature of a circulation, but it 
remained for the English physician, William Harvey, to demonstrate 
experimentally that this is so. L he results of his experiments were pub¬ 
lished in Latin, in 1628 , and may be read in English in a number of 
translations. 

MICROSCOPIC STUDIES OF BLOOD FLOW 

Convincing evidence that the blood circulates may readily be ob¬ 
tained by microscopic studies of the blood movements in tissues of 
various animals such as the web of a frog’s foot, the mesentery or blad¬ 
der of small mammals, the mesentery even of the horse (Fahraeus), 
the conjunctiva or nictitating membrane of the horse (Knisely and 
co-workers), the ear of the cat or rabbit, or the skin of man. Such 
studies also furnish information about the nature of the flow of blood 
in arterioles, capillaries, and venules. The blood flow in the vessels 
of the web of the frog’s foot may be described as follows: 

I he velocity in the arteries and veins is rapid, whereas in the 
capillaries it is slow. Pulsations are frequently seen in the arteries, but 
usually not in the veins and capillaries. In capillaries, however, the 
flow is not always uniform; at times it may come practically to a stop. 
In the wider vessels the red cells are usually found in the center of the 
stream moving comparatively rapidly, whereas the white cells, much 
less numerous than the reds, are found at the periphery of the stream 
moving in an irregular manner. They tumble along, frequently coming 
to a standstill and apparently sticking momentarily to the sides of 
the vessel wall. They then detach themselves, move farther along, 
and again slow down or stop. The reason why the red cells are drawn 
into the rapidly moving center of the stream and the white cells are 
crowded into the nearly inert peripheral part of plasma is that there 
are differences in the size of the two classes of corpuscles; the red 
corpuscles of frogs are larger than the white corpuscles and are there¬ 
fore drawn into the center of the stream. (In mammals the situation 
is said to be reversed: the white cells, because of their large size, are 
drawn to the axis of the stream fFAhracus].) In capillaries it is seen 
that the corpuscles usually flow in single file because of the narrowness 
of the vessels. The blood flow in arterioles and venules is often so simi¬ 
lar that it is hard to tell which kind of vessel is under observation. If 
the vessel can be traced to a bifurcation, a decision can be made. If the 
flow in the vessel under consideration is toward the bifurcation, the 
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vessel is an artery; if the flow in the vessel is away from the bifurca¬ 
tion, the vessel is a vein. 

Studies on the capillary blood flow in the kidney of the frog show 
that all the capillaries are not open at once; the flow is shifted from 
capillary to capillary and from glomerulus to glomerulus (Richards). 
Similar shifting has been noted in the capillaries of the skin of man and 
the ear of the rabbit (Krogh). In fact, it is now believed that, espe¬ 
cially in resting tissues, many of the capillaries are closed, others only 
partly open, and still others widely open. As the tissue becomes active 
more capillaries open, thus increasing the blood supply. As previously 
noted, the thoroughfare channels are always open to the circulation. 

Observations on the blood flow in the arterioles and capillaries of 
the mammalian lung in the unopened chest have been made by Wearn 
and co-workers. The subject was the cat, which was kept under light 
but complete anesthesia. Through a window in the diaphragm the low r er 
edge of the lung w r as transilluminated, and through a window in an 
intercostal space the circulation was observed with a microscope. Ob¬ 
servations w r ere made both in moving and immobilized lungs. Blood 
flow in the arterioles w r as usually steady and nonpulsating, but at times 
it was pulsating. Changes from the nonpulsating to the pulsating flow' 
and the reverse were commonly seen. Arterioles w'ould appear and 
disappear. The wall of the capillary could not be seen but the flow 
of blood in the vessel could be follow'ed. “The number of capillaries 
through w'hich the blood flows at a given time varies greatly and may 
represent a very small fraction of the total number of capillaries in the 
lungs.” Intermittence of blood flow in the capillaries w r as very com¬ 
monly seen. Proof that the capillary w r all could contract w'as not 
obtained. Variable results on blood flow' w r ere obtained with adrenaline. 
Pituitrin caused constriction of the arterioles. Histamine often caused 
closure of arterioles and capillaries. 

FLOW OF A LIQUID IN TUBES 

Before further study is made of the flow of blood in the blood 
vessels, it will be profitable to review briefly the flow of liquids in 
rigid and elastic tubes under different conditions of pressure. 

In Rigid Tubes. If a reservoir containing water (or some other 
liquid) is connected at its base with a horizontal rigid tube, water 
will flow from the distal end of the tube in a steady stream, provided 
some means are taken to keep a constant level of water in the reservoir. 
If, as in Fig. 48, a series of vertical glass tubes are now connected at 
regular intervals to the horizontal tube, water will rise in each tube 
to a height corresponding to the side pressure of the water in the 
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I‘ia. 48.—1 he flow of liquid in a rigid tube. The vertical tubes indicate the pressure 
at various points in the horizontal tube. The potential energy represented by the 
pressure of the heavily shaded portion of liquid in the reservoir imparts velocity 
to the liquid as it leaves the reservoir. It is termed the velocity head. The 
potential energy represented by the pressure of the lightly shaded portion of 

liquid is used up in overcoming frictional resistance. It is called the resistance 
head. 

horizontal tube at the point where it is connected to the vertical tube. 
The side pressure as measured by any vertical tube is equal to the 
frictional resistance offered to the flow of the liquid from that point 
to the distal end of the horizontal tube, or is equal to the pressure 
necessary to drive the liquid along the tube from the point of measure¬ 
ment to the outer end. Because the resistance is greater the farther 
the point of measurement is removed from the distal end of the hori¬ 
zontal tube, the column of water is highest in the vertical tube nearest 
the reservoir and lowest in the vertical tube farthest away from the 
reservoir. The pressure gradient, that is, the fall in pressure from tube 
to tube, is a straight line. The velocity of the liquid at any point in 
the horizontal tube is inversely proportional to the cross-sectional 
area of the tube or to the square of the radius. Therefore if the hori¬ 
zontal tube of uniform cross-sectional area is replaced by one whose 
area is not uniform, the velocity will vary from point to point. 

Tf the horizontal tube of uniform cross-sectional area is equipped 
with a partially closed stopcock situated somewhere along its course, 
the pressure in the proximal part of the tube will be increased and that 
in the distal part decreased (Fig. 49). Reducing the flow through the 
stopcock will cause the pressure on the left to rise and that on the right 
to fall. Increasing the flow through the stopcock will cause the pressure 
on the left to fall and that on the right to rise. 

The volume of flow past a given cross section of tube varies directly 
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1'io. 49.—The flow of liquid in a rigid tube with high resistance at one point. The 
partly closed stopcock supplies the high resistance. The high pressure proximal 
to the stopcock and the low pressure distal to it correspond, in a way, to arterial 
and venous pressures, respectively. 

as the pressure drop along the tube and inversely as the resistance to 
flow offered by the tube. This is indicated in the following simple ex¬ 
pression of Poiseuille’s law: 

Pressure 

Flow =- ; -. 

Resistance 

The mechanical arrangements just described are comparable, in 
some respects, to the blood-vascular system. The part of the tube from 
the reservoir to the stopcock represents the arterial system, the re¬ 
sistance offered by the partially closed stopcock represents the variable 
resistance encountered by the blood as it flows through the arterioles 
and capillaries (peripheral resistance), the part of the tube distal to 
the stopcock represents the venous system, and the nonuniform cali¬ 
ber of the horizontal tube signifies that the total cross-sectional area of 
the vascular bed is not the same in all parts. There are, however, some 
obvious differences between the system just described and the circula¬ 
tory system: the flow of blood from the heart into the arterial system 
is not uniform but intermittent, and the walls of the blood vessels, 
especially the arteries, are elastic. In an effort to correct these differ¬ 
ences, an intermittent pump may be substituted for the reservoir and 
an elastic tube for the horizontal rigid tube. 

In Elastic Tubes. If liquid is pumped intermittently into one end 
of a rigid tube, as much liquid must leave the distal end at every stroke 
of the pump as enters the proximal end, and the pressure in the tube 
must rise to a high point during action of the pump and fall to zero 
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between strokes. No liquid will issue from the distal end of the tube 
between strokes. This is true even if the outlet of the tube is con¬ 
stricted (Fig. 50, 1). If, on the other hand, liquid is pumped rhythmi¬ 
cally into an elastic tube with resistance at the peripheral end, the 
intermittent flow fiom the pump is converted into a continuous flow 
from the other end of the tube; for a part of the force of each stroke 
is used to distend the wall of the elastic tube. The potential energy 
thus stored up manifests itself during the resting phase of the pump 


1 


t 

I* io. 50. Diagrams illustrating the flow of liquid under intermittent pressure in 
rigid and elastic tubes. A. A\ rubber bulbs with valves; B, B\ rigid tubes; C. an 
elastic bag. Rhythmic compression of A results in an intermittent flow from the 
end of B. Rhythmic compression of A' results in a continuous flow from the end 
of B because C, distended during compiession of A', recoils during the idle phase 
of the pump. 

as kinetic energy of elastic recoil. In this way liquid is driven out of 
the far end of the tube in a continuous stream even during the idle 
phase of the pump, and the pressure in the elastic tube rises and falls 
rhythmically with the pump’s action (Fig. 50, 2). 

These systems illustrate certain mechanical features of the circula¬ 
tion, particularly in the arteries. It must be remembered, however, 
that the heart and blood vessels are a living, changing system and not 
a lifeless system of pump and tubes. It is quite impossible to reproduce 
mechanically all the characteristics of the circulation in the living ani¬ 
mal, and a complete statement of all the physical law r s involved in the 
circulation is at present impossible. There is no doubt, however, that 
the circulation of the blood obeys physical laws. 

BLOOD VELOCITY 

This may be considered from the standpoint of (1) the cardiac 
output per minute, (2) the circulation time, (3) the volume flow 
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through different organs or regions, and (4) the linear blood velocity. 

The cardiac output is discussed elsewhere (p. 111). The other three 
aspects of blood velocity will receive consideration in the discussions 
to follow. 

Circulation Time. This may be defined as the time required for 
an injected indicator to arrive in detectable concentration at a point 
of detection. If the indicator is injected into a vein on one side and is 
detected at the corresponding vein on the opposite side, one obtains 
a measure of the total circulation time. Fluorescein (p. 114) and radio¬ 
active materials are examples of substances that have been so used. 

If the detection is made at other places, values somewhat less than 
the total time are obtained. Various indicators have been used and 


Fia. 51.—Distribution of circulation 
times measured by injection of acetyl¬ 
choline into a foreleg vein of intact 
unanesthetized dogs and noting the 
time elapsing from the beginning of 
injection to the first evidence of slow¬ 
ing of the heart (fall of blood pres¬ 
sure). (From Wilburne, Schlichter, 
Grossman, and Cisneros, American 
Journal of Physiology, 1947, 150.) 



different parts of the vascular circuit have been tested. For example 
acetylcholine may be injected into a forelimb vein and its arrival at 
the specialized tissue of the heart be detected by the slowing of the 
heart as revealed by a blood pressure record or an electrocardiogram. 
Circulation times in unanesthetized dogs determined in this way (blood 
pressure record) are shown in Fig. 51. The values range from'4 to 9.5 
sec., with an average of 6.7 sec. About 50 per cent of the circulation 
time was required for the passage of acetylcholine through the nul- 
inonary bed (Wilburne and co-workers). 

f J,“ Inan histamine injected into an arm vein will cause flushing of 
ace when it arrives at the capillaries in that region. Saccharin 
similarly injected will cause a sweet taste when it reaches the canil 

lanes of the taste buds. It is evident that these methods g ive^ va,ues" 
pproximating the total circulation time. 
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Factors influencing circulation time are considered in an article 
by Pearce and co-workers. 

Volume Flow. This may be measured in several ways. Ludwig’s 
stromuhr, or “current clock,” has been widely used. In its original 
form (Fig. 52), it consists of two glass bulbs (a and 6) of equal ca¬ 
pacity connected at the top by means of a tube which has an opening 
to the outside. Each glass bulb terminates below’ in a metal tube fixed 
into a round opening in a metal disk ( p ) which can be rotated through 
180 degrees. Below’ this disk is a nonrotatable metal disk having open¬ 
ings immediately below the open¬ 
ings in the upper disk. Into the 
openings in the low’er disk are fixed 
two tubes, c and c'. Through the 
opening to the outside in the tube 
connecting the bulbs, one bulb (a) 
is filled with oil and the other (6) 
with physiological salt solution or 
heparinized blood. The blood vessel 
under consideration is clamped at 
tw’o places and cut across betw’een 
the clamps. Then the end closer to 
the heart, or, if the vessel is a vein, 
closer to the capillary area, is con¬ 
nected to tube c of the stromuhr and 
the other end of the vessel to tube 
c'. The clamps are removed from 
the vessel and blood is permitted 
to flow into bulb a. Thus the oil is 
displaced into bulb b and the salt 
solution or blood from b into the 
Fia. 52.—Ludwig’s stromuhr. (From distal stump of the blood vessel. 
Howe" l-hymoloav; Copyright-W. when bulb a has been filled to the 
aun ere ompuny.) mark, and hence the oil has been 

expelled into bulb b and the salt solution into the blood stream, the 
bulbs are quickly reversed by rotation through 180 degrees and the 
procedure is repeated: blood is allowed to flow into 6, displacing the 
oil into a and the blood from a into the blood stream. The bulbs are 
again reversed and the procedure is repeated a known number of times 
during a given period. If the capacity of each bulb is 10 ml. and the 
number of fillings has been 4 in one minute, then 40 ml. of blood have 
passed through the stromuhr in one minute. This represents the volume 
of flow per minute in the vessel under consideration. The method re- 
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veals only the average flow in a given time. The variations are not 
indicated. 

A modern form of the stromuhr makes unnecessary the rotation of 
the bulbs. Cross tubes establishing communication between the afferent 
tube and the distal bulb and between the proximal bulb and the efferent 
tube permit reversal of flow through the bulbs. 

Another form is the bubble stromuhr, in which a bubble of air is 
injected from a syringe into the blood flowing through a coiled trans¬ 
parent tube placed in the course of a blood vessel. The time required 
for the bubble to pass between two marked points on the tube is 
noted. If the capacity of the tube between the marks is known, it is 
easy to calculate the volume flow per minute. 

A modern development that enables volume flow to be measured in 
unopened vessels under nearly normal conditions is the thermostromuhr. 
By means of a heating device placed in contact with the vessel, the 
blood, or more exactly the blood vessel, is slightly warmed. Thermo- 
junctions above and below the heating element allow the differences in 
temperatures of the two points to be measured as galvanometric deflec¬ 
tions. This temperature difference is approximately inversely propor¬ 
tional to the blood flow in the vessel. The instrument requires calibra¬ 
tion. In the original method the heating was done with a high-frequency 
current and electrodes, but a thermostromuhr with a direct-current 
heater (Fig. 53) has been devised (Baldes and Herrick). The thermo- 
strornuhr method of measuring blood flow is thought to give accurate 
results. With aseptic surgical technic the unit can be left in place on 
the blood vessel for a long time. A thermostromuhr record of blood 
flow in a branch of a coronary artery is shown in Fig. 33 (p. 122). 

Several fonns of electromagnetic flowmeter have been devised 
(Kolin; Richardson and co-workers). This instrument operates on the 
principle that an electromagnetic force is set up in the blood as it 
flows in a magnetic field. The flowmeter is inserted into a blood vessel, 
and permanent records of pulsatile and mean flow can be obtained. 

Results Obtained with the Thermostromuhr. Following are some 
data on blood flow of dogs obtained by Mayo Foundation workers 
using the thermostromuhr: anterior mesenteric artery—before meal 
194 ml. per minute; after meal, 312 ml. (Herrick and co-workers, 
1934); hepatic artery, 45 ml. to 163 ml. per minute; portal vein, 252 
ml. to 620 ml. (Grindlay and co-workers, 1941); splenic artery, 97 ml. 
per minute; splenic vein, 91 ml. (Grindlay and co-workers,* 1939); 
femoral artery—normal, 77 ml. per minute; after sympathectomy on 
same side, 201 ml. (Herrick and co-workers, 1932). 

Linear Blood Velocity. This refers to the distance traversed by 
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Fio. 53.—Thcrmostromuhr (enlarged): a,a, thermojunctions (copper and 
constantan wires soldered together); b, wires for the heating current; c,c, 
heating unit (nichrome ribbon) using direct current. The first and fourth 
wires at the back of the bakelite block lead to a galvanometer. The tempera¬ 
ture difference between the two thermojunctions, recorded as galvanometric 
deflection, is approximately inversely proportional to the blood flow. (From 
Iialdes and Herrick, Proceedings of the Society for Experimental Biology 
and Medicine, 1937, 37.) 


the column of blood in a certain vessel in a given time. That the 
velocity of blood flow varies in different vessels is proved by micro¬ 
scopic studies of the circulation. Such observations reveal that the 
velocity is rapid in arteries and veins and slow in capillaries. Further¬ 
more, the simple operation of transecting an artery or a vein and not¬ 
ing the character of the hemorrhage therefrom shows that the flow 
from these vessels is rapid and suggests that the flow in the intact 
artery or vein is also rapid. 

If the cross-sectional area of the vessel is known, the mean linear 



FLOW OF BLOOD IN BLOOD VESSELS 


167 


velocity can be calculated from the volume flow. Conversely the 
volume flow can be calculated from the linear velocity if the cross- 
sectional area is known. Assuming a volume flow of 80 ml. per minute 
(as determined by a stromuhr or other flowmeter) in an artery 3 mm. 
in diameter, the calculation of mean blood velocity would be as 
follows: 

Volume 80,000 cu. mm./min. 

Mean velocity =-=-— 

Cross section 1.5 2 X 3.14 

11,331 mm. per minute = 189 mm. per second. 

There are several ways of measuring linear velocity directly. The 
hemodromograph, an instrument that works on the principle of the hy- 
drometric pendulum, is now chiefly of historical interest. It was devised 
by Chauveau and was extensively used in blood velocity measure¬ 
ments in large animals. Because of its inertia it did not follow accu¬ 
rately the rapid changes in velocity occurring in the arterial stream. 
More modern methods include the use of differential manometers and 
of a resistance wire introduced into the blood stream. 

Velocity in Arteries, Capillaries, and Veins. The blood velocity in 
arteries is not uniform, and the flow pattern is not the same in all 
arteries. During the first part of systole, velocity in the aorta rises 
sharply, but before ejection of blood is complete it begins to diminish 
and continues to do so until the beginning of diastole. At this time 
the flow actually reverses for a moment as indicated by the fall of 
the velocity curve below the zero line. The flow quickly becomes 
positive again and remains so throughout the rest of diastole. During 
this time arterial run-off into the capillaries is occurring under the 
influence of the elastic recoil of the distended arteries. The momentary 
reversal of flow is also seen in the femoral, axillary, and carotid 
arteries but not in the renal, hepatic, and anterior mesenteric, where 
the flow is always in the forward direction. The relationship of pres¬ 
sure, intravascular volume, and flow in the femoral artery of the dog 
is shown in Fig. 54. It will be seen that the pressure and flow patterns 
are quite different and that, although the pressure and volume curves 

resemble each other, the latter curve does not exactly follow the ranid 
pressure changes. p 

As the periphery of the circulation—the region of the arterioles and 
capillaries—is approached, the velocity pulsation gradually becomes 
css and less until in the region of the smallest arteries and capillaries 
it disappears; the flow is now uniform. That the flow in arteries is 
pulsating also may be demonstrated by the simple procedure of tran 
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Fig. 54. —Pressure curve (P), intra¬ 
arterial volume curve (V), and flow 
pulse (F) of the femoral artery of a 
dog. 1, start of flow and pressure rise; 
2, maximal rates of forward flow and 
volume increase; 3, peak of pressure 
curve; 4, peak of intravascular volume 
curve; 5, maximal rates of volume 
decrease and back flow; M, mean 
flow; O, zero flow. The pressure and 
intra-arterial volume curves are the 
same as the arterial pulse, discussed 
on p. 189. (From Shipley, Gregg, and 
Schroeder, American Journal of Physi¬ 
ology, 1913, 138.) 


secting an artery and watching the character of the hemorrhage there¬ 
from. It is in spurts of the same rhythm as the heart beat. 

Using a resistance-wire method, Machella obtained in dogs aver¬ 
age velocities as follows: in the carotid artery—systolic velocity, 37 
cm. per sec.; mean, 12.4; diastolic, 9.7; in the femoral artery—systolic 
velocity, 33.3 cm. per sec.; mean, 7.8; diastolic, 5.0. The mean velocity 
in the aorta of the dog is about 50 cm. per sec. and in the vena cava 
about 33 cm. per sec. 

The methods of velocity measurement described above are not 
applicable to capillaries. The velocity in these vessels may be meas¬ 
ured microscopically in thin membranes. Such studies show that the 
capillary flow is, as a rule, nonpulsating. In the mesenteric capillaries 
of the dog a velocity of about 0.8 mm. per sec. has been observed; 
in the retinal capillaries of man it is estimated to be 0.9 mm. per sec. 
It is probable that blood velocity in capillaries is nearly the same 
in all mammals. Since the total length of the capillary area through 
which a given particle of blood may travel probably does not exceed 
0.8 mm., it is evident that the time spent in this area is usually not 
more than one second. During this time the necessary exchanges be¬ 
tween the blood and the tissues must take place. 

On the whole, the velocity in veins is uniform, as is revealed by 
actual determinations and by cutting a vein across and watching the 
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character of the hemorrhage. The rate of flow in the venous system 
increases as the heart is approached. It is slowest in the venules and 
fastest in the venae cavae at the heart, where, however, it is only 
about one-half as fast as in the aorta. 

The mean velocity relations in different parts of the circulation are 
shown schematically in Fig. 55. 

Differences in Mean Velocity Explained. As indicated above, the 
mean velocity in the arteries is great, gradually decreasing toward the 
periphery; it is slow in the capillaries; and it is rapid again in the 



Fig. 55.—Diagram illustrating mean velocity relations in different 
parts of the circulation. A, arteries; C, capillaries; V, veins. 

veins, increasing from the capillary area toward the heart. The ex¬ 
planation of these differences is found in the fact that the mean 
velocity of blood flow at any level in the vascular system is inversely 
proportional to the total cross-sectional area of the bed at that level. 
When an artery divides into two branches, the cross-sectional area 
of the branches taken separately is smaller than that of the stem 
from which they arise, but their combined cross-sectional area is 
greater than the cross-sectional area of the parent vessel. Hence blood 
in arteries flows in a bed whose total cross-sectional area becomes 
gradually greater as the periphery is approached. At the capillary area 
the bed undergoes a marked enlargement, the combined cross-sectional 
area of all the systemic capillaries being some 600 times the cross- 
sectional area of the aorta. Therefore the velocity in capillaries should 
be about 1/600 that in the aorta, and actual determinations indicate 
that 6uch is approximately the case. In the veins, on the contrary, the 
blood flows in a bed whose cross-sectional area becomes smaller as the 
heart is approached. However, the total cross-sectional area of the 
venae cavae at the heart is about 1.5 times that of the aorta at the 
corresponding point; the velocity is therefore about two-thirds as 
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great. As regards velocity, the flow of blood in the blood vessels is 
comparable to the flow of water in a narrow stream that slowly 
widens and then suddenly empties into a lake, from which the water 
is drained away by a stream that is at first wide but gradually becomes 
narrow. 

BLOOD PRESSURE 


That the blood is under pressure and that this varies in different 
parts of the circulatory system is indicated by the following facts: (1) 
If an artery is cut across, the blood flows from the central end under 
high pressure and in spurts; if a vein is cut across, the flow from 
the peripheral end is rapid but under low pressure and without 
pulsations; if only capillaries are opened, the hemorrhage from the 
wound is under low pressure. (2) It is an established fact that the 
blood flows from the heart through arteries, capillaries, and veins back 
to the heart. From this it may be concluded that the blood is under 
pressure and that there is a progressive fall in pressure from point to 
point throughout the circulation; otherwise the blood could not cir¬ 
culate. (3) Experiments on the circulation show that the blood is under 
high pressure in arteries, moderate pressure in capillaries, and low 
pressure in veins. The unqualified term blood pressure usually refers 
to arterial pressure. 

Experimental Methods of Determining Blood Pressure. The most 
direct method of determining blood pressure is to connect a vertical 
glass tube to the vessel under consideration and see to what height the 


blood rises in the tube. Essentially such a method was employed by 
Stephen Hales, English clergyman and pioneer investigator of blood 
pressure in animals. His experiments were made in 1733 on several 
species of animals. In a horse the pressure in the crural (femoral) 
artery was equal to 8 feet 3 inches of blood. In another horse the pres¬ 
sure in the carotid artery was equal to 9 feet 6 inches of blood, and in 
the jugular vein to about 1 foot of blood. The method of Hales has a 
number of disadvantages such as the inconvenient length of the tube 
and the rapid coagulation of blood in the tube. It has therefore been 
improved and amplified, so that today elaborate apparatus of a high 
degree of precision is available for determining and recording blood 


pressure. A simple method, shown schematically in Fig. 56, is to em¬ 
ploy a U-tube (manometer) containing mercury, which is about 13 
times as heavy as blood. The proximal limb of the manometer is con¬ 
nected through heavy-walled tubing to a cannula fixed in the bloo 
vessel. Before establishing communication between the vascular system 
and the manometric system, one fills the latter with an anticoagulant 
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solution—for example, sodium citrate—under sufficient pressure to 
raise the mercury in the distal limb of the manometer approximately 
to the expected blood pressure. Thus when the clamp is removed 
from the artery, the blood will not have to displace mercury but will 
enter the pressure-transmission system no farther than the tip of the 
cannula. The blood pressure is transmitted through the solution to the 
mercury. 

If the cannula is inserted into the occluded artery, as is the usual 
practice, end pressure is obtained. If a 1-shaped cannula is inserted 
into the transected artery, thus permitting unobstructed flow of blood 



Fic. 56.—Diagram showing a method of taking a blood pressure tracing from an 
artery. K, kymograph; M, mercury manometer, carrying, on the left, a float, 
standard, crossarm, and writing point; T, heavy-walled rubber tubing connecting 
the proximal limb of the manometer with the arterial cannula C; P.B., pressure 
bottle containing anticoagulant solution—for example, sodium citrate;' T\ tube 
with a clamp for removing air or clots from the pressure system. A number of 

details are omitted from this simple diagram. Many modifications of this arranee- 
ment are possible. * 

through the cannula, lateral pressure only is obtained. End pressure 
equals lateral pressure plus the kinetic energy of flow converted to po¬ 
tential energy. End pressure may also be recorded by insertion of a 
needle upstream in the artery, that is, pointing against the current 
or toward the heart. If the needle is pointed downstream, kinetic 
energy of flow is substracted from lateral pressure. 

A graphic record of the pressure may be made by using a recording 
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manometer—one whose distal limb is provided with a delicate float, 
a standard, and a crossarm, which acts as a writing point—and a 
kymograph. 1 he blood pressure equals twice the distance in milli¬ 
meters from the line of atmospheric pressure to the tracing. (The 
distance is doubled because the manometer is a U-tube, that is, has two 
limbs.) I lie line of atmospheric pressure can be located by holding 
an open side tube of the pressure-transmission system, or the open 
tip ot the cannula, at the level of the aorta. Tracings made with the 
mercury manometer, from the carotid artery of a pig and a cow, are 
shown in Figs. 57 and 58. 

Examination of an arterial blood pressure record made with a 
mercury manometer usually reveals two kinds of waves: long ones, 
which if observed during the making of the tracing are seen to be in 
rhythm with the respiratory movements; and short ones, synchronous 
with the heart beats. Both kinds of waves are very evident in Fig. 57; 
the respiratory waves are less evident in Fig. 58. The cause of the 
respiratory waves is discussed in another place (p. 244). The short 
waves are caused by the systole and diastole of the heart, and an 
examination of a blood pressure tracing shows that the amplitude 
of these waves is entirely too small. They manifestly are not an accu¬ 
rate picture of systolic and diastolic pressure changes in the arteries. 

1 he explanation as to why the mercury manometer so imperfectly 
records rapid fluctuations in pressure is the inertia of the mercury; the 
latter cannot completely follow rapid changes. It is able, however, 
accurately to follow slow changes in pressure, such as accompany the 
respirations, changes of posture, and the like. It should be kept in mind 
when a blood pressure record made with the mercury manometer is 
studierl that it is essentially a record of mean pressure and not of the 
extremes caused by the systole and diastole of the heart. This docs not 


apply, however, to mercury-manometer blood pressure tracings when 
the rate of the heart is slow—for example, in the horse normally or in 
small animals during vagus stimulation. The mercury is then able 
to follow the pressure changes. In fact, under such conditions the 
excursions of the mercury may be too extensive. Their amplitude 
can be damped by placing a partially closed clamp on the tube leading 


from the artery to the manometer (Fig. 35, p. 132). 

The inability of the mercury manometer to register accurately 
sudden pressure variations lias led to the development of manometers 
whose sensitivity and natural frequency arc great enough to record the 
details of a pulsating pressure. An early attempt in this direction 
was the membrane manometer. It consists of a small tambour which 
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Fin. 57.—Blood pressure trac¬ 
ing from the carotid artery of 
a 19-kg. pig. Mercury manom¬ 
eter. Local anesthesia. The 
figures indicate the blood 
pressure in millimeters of 
mercury. The short waves of 
* he tracing are caused \>y the 
heart heats. Their amplitude 
is much too small owing to 
the inertia of the mercury. 
The long 

waves are caused by 
•lie respirations. 



Fig. 58—Blood pressure tracing 
from the carotid artery of a cow. 
Mercury manometer. I.oral anes¬ 
thesia. The respiratory waves of 
blood pressure arc less c\ ident 
than in Fig 57. It may be noted 
that the blood pressure of the cow 
was lower than that of the pig. For 
a graphic record of the blood pres¬ 
sure of a horse, see Fig. 35 


actuates a light lever. The capsule of the tambour is in communication 
uith an inelastic tube leading to the artery. The capsule and tube are 
filled with liquid through which the blood pressure is transmitted 
fo the membrane and thence to the recording lever. To get absolute 
values from the instrument, it is necessary to calibrate the movements 
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of the lever. A blood pressure tracing made with a membrane ma¬ 
nometer is shown in Fig. 59. Optical manometers (Wiggers, Green) 
are much better. In them friction and inertia of levers are entirely 
eliminated. Great sensitivity and a high natural frequency can be 
attained. The optical manometer is essentially a capsule whose mem¬ 
brane (rubber, metal, glass) actuates a small mirror attached to it. 
A band of light, produced by a suitable light source, is transmitted 



Fm. 59.— Blood pressure trac¬ 
ing from the carotid artery of 
a 43-kg. pig. Membrane ma¬ 
nometer, calibrated in milli¬ 
meters of mercury. Local anes¬ 
thesia. The short waves 
are ca»ised by the beat of 
the heart. Their amplitude 
is much greater than cor¬ 
responding waves obtained 
with a mercury manom¬ 
eter. The long waves arc 
caused by the respirations. 


to the mirror which reflects the light onto a light-sensitive (photo¬ 
graphic) surface moved by a photokymograph. The band of light is 
focused by means of lenses or by use of a concave mirror. A blood pres¬ 
sure tracing made with an optical manometer is shown in Fig. 60. 

Several types of electrical manometers have been devised in 
recent years. These are transducers of various kinds which convert 
pressure changes into electrical variations. Most of the manometers 
are connected to the vascular system by means of tubing, but an elec¬ 
trical manometer small enough to be inserted into the heart chambers 
or blood vessels has been made (Ellis, Gauer, and Wood). The elec¬ 
trical changes produced by these manometers are usually electronically 
amplified, and the output is led to a galvanometer for optical recording 
or to a direct-writing recorder. In some instances the electrical changes 
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from the pickup units are recorded directly by suitable galvanometers 
without the use of vacuum-tube amplification. 

Noble has decribed transducers, amplifiers, and recorders used in 
electrical methods of blood pressure registration. 

Sellers and Hemingway have recorded arterial and venous pressures 
in dairy cattle by the use of an electromanometer and have described 
the technic used. Typical records are reproduced. 

Systolic, Diastolic, and Mean Arterial Pressures. The highest 
pressure attained in the arteries, which is synchronous with and due 
to the systole of the heart, is termed the systolic pressure; the lowest 
pressure, which occurs during diastole, is termed the diastolic pres¬ 
sure; the difference is known as the pulse pressure. In an artery that 


D6C H 



Fio. 60.—Blood pressure in the carotid artery of a trained unauesthetized dog. 
Hypodermic optical manometer. The systolic and diastolic pressure variations are 
shown on the curves. Sinus arrhythmia is evident in the record. (From Wiggers, 
C. J., American Heart Journal, 1938, 16.) 

shows a systolic pressure of 140 mm. Hg, for example, the femoral of 
the dog, there is a diastolic pressure of about 80 and a pulse pressure 
of 60. The mean pressure designates the average pressure in a blood 
vessel over a given period of time. In arteries if the form of the pulse 
were a triangle, the mean pressure would be the sum of the systolic 
and diastolic pressures divided by two. Since, however, the form of the 
pulse is not a triangle, the true mean pressure cannot be obtained 
m this way. The arithmetical mean is nevertheless close to the true 
mean. The mercury manometer tends to trace a mean pressure (unless 
the heart rate is slow). 

As the periphery of the circulation is approached, the difference 
between the systolic and diastolic pressures becomes less and less until 
in the region of the arterioles it disappears and the pressure becomes 
uniform. The pulse therefore disappears in the same region. Because 
of the disappearance of the pressure pulse, the velocity pulsation 
disappears in the same region. Also in capillaries and veins there is, 
usually, a nonpulsating pressure and velocity. 

Data on Arterial Pressure. The data in Table 13 show mean 
arterial pressures in animals. The measurements were made with the 
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I abi.e 13. Mean Arterial Blood Pressure (carotid artery) 

(The figures in parentheses indicate interindividual ranges of mean pressure) 


Animal 

Mean Pressure 

Anesthesia 

Itemarks 

Observer 

Horae 

mm. II g 

169 (152-194) 

Local 

Average of 6 animals 
13-18 years old; good 
condition 

Dukes Sc 
Sampson* 

Cow 

125 

Local 

1 

Dukes Sc 

Em merson* 

Cow 

166 

Chloral 

hydrate 


Dukes Sc 
Schwarte* 

Calf 

160-180 

Nembutal 

Several animals 

Glenn, 

Muus, Sc 
Drinker 

Sheep 

110 

Local 

Average of 6 animals 

Dresbach 

Sheep 

114 (90-140) 

Local 

Average of 13 animals 
ranging in weight from 
27—133 pounds 

Dukes Sc 
Sampson* 

Goat 

120 

Urethane 

Average of 4 animals 

Dunn 

Pig 

169 (144—185) 

Local 

Average of 14 animals 

Dukes 

Schwarte 

Dog 

150 

Local 


Dukes Sc 
Sampson* 

Dog 

160 

Local 


Dukes <fc 
Sampson* 

Dog 

194 

Local 


Dukes & 
Sampson 

Dog 

155 (120-176) 

Nembutal 

Average of 7 animals 

Dukes Sc 
Sampson* 

Cat 

140-170 

None 

Indirect measurements 
of pressure in an exte¬ 
riorized carotid artery 

Liddell and 
Carleton 

Cock 

135 


Average of 13 birds. 
Femoral artery 

Kaupp 


+ Unpublished. 
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mercury manometer. The values in Table 14, taken from a more exten¬ 
sive table of Woodbury and Hamilton, show heart rates and blood 
pressures in small mammals and birds. The records were made with an 
optical manometer. The average systolic pressure of unanesthetized 
chickens (G to 1G weeks old) has been found to be 135 mm. Hg and the 
average diastolic 120 mm. Hg. The measurements were made from a 
cannulated ischiatic artery with an optical manometer (Rodbard and 
Tolpin). Examination of the various figures reveals that the height 
of the blood pressure is a characteristic of the species rather than 
of the size of the animal. The blood pressure of the pig is as high as, 
and the blood pressure of the canary is higher than, that of the horse. 

The distribution of mean arterial pressure in dogs in shown in Fig. 

61. 


Table 14. IIeakt Hate and Bi.ood Pressure of Small Animals 



Average 

Blood Pressure 


Animal 

Heart 

Rate 

Average 

Sj'stolic 

Average 

Diastolic 

Artery 



mm. Hg 

mm. IIg 


Mouse (2). 

630 

147 

100 

Carotid 

Hat (2). 

420 

187 

138 

Carotid 

Pigeon (4). 

221 

135 

105 

Brachial 

Starling (2). 

388 

180 

130 

Carotid 

Canary (4). 

090 

220 

154 

Carotid 

Sparrow (1). 

550 

180 

140 



Capillary Pressure. Indirect determinations of capillary pressure, 
as by measuring the pressure necessary to blanch a portion of the 
skin or mucous membrane, did not yield satisfactory results. Much 
better results are obtained by direct measurement, in which a micro- 
pipette is introduced into the capillary and the pressure balanced 
against a column of saline solution. Using this method, Landis obtained 
the following average results in man: arteriolar capillary pressure, 45 
cm. of water; venous capillary pressure, 22 cm. of water. These are 
pressures of approximately 34 mm. Hg and 17 mm. Hg. Lower pres¬ 
sures were found in the frog and pressures of intermediate value in 
small mammals (rat, guinea pig). 

Venous Pressure. Because this pressure is so low, it is seldom 
measured with the mercury manometer. The usual direct method is 
to insert a needle into a vein and allow saline to run in from a vertical 
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Fia. 61.—Frequency distribution of mean 
pressure in the femoral artery of 100 dogs. 
A needle was inserted into the artery, and 
measurements were made with a mercury 
manometer. No anesthetic was used. The 
solid lines show the initial pressure readings. 
Broken lines show third pressure readings 
made 10 days later. The distribution curves 
are similar. “There is a wide distribution 
with a few more animals with low and high 
pressures than would be expected.” The ini¬ 
tial readings ranged from 91 to 198 mm. 
Hg, with a mean of 137.5 mm. Hg. (From 
Schroeder and Goldman, Circulation, 1952, 
5, 730.) 

tube graduated in centimeters. When the flow ceases, the height of the 
top of the column of saline above the heart is the venous pressure in 
centimeters of water. For purposes of comparison with pressures in 
other parts of the circulation, venous pressures measured in this way 
may be converted to millimeters of mercury. 

Table 15, based on the compilations of Tigerstedt and the experi¬ 
ments of Dunn (on the goat) and Riddle and Matthews (on the duck), 
illustrates venous pressure in different parts of the body and in differ¬ 
ent animals. The figures show that venous pressure is low, and that it 
is lower the nearer the heart is approached. In the great veins near 
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Tabi.e 15. Venous Pressure 


Animal 


\ r _• 

r ein 


Pressure 


Sheep 


Dog 


Goat. 
Duck 
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the heart, in fact, it is negative, or below the pressure of tlie atmos¬ 
phere, because of tlie negative pressure to which the mediastinal organs 
are subjected. Blood, therefore, is aspirated toward the thorax. The 
fall in venous pressure from the periphery of the circulation to the 
heart is said to be at the rate of 1 mm. Hg for every 35 mm. of dis¬ 
tance. Experiments of Eyster and Meek (1930) show that venous 
and arterial pressures are relatively independent of each other, even 
when the arterial pressure changes are large. 

Summary. Blood pressure, highest in the aorta, slowly diminishes 
in the arteries until the arterioles are reached, where the fall is sudden 
and marked. In the arteries there are large pulsations, which gradually 
disappear peripherally. The pressure in the capillaries, fairly low and 
usually nonpulsating, decreases toward the venous end. The venous 
pressure, low and nonpulsating, is lowest in the venae cavae at the 
heart and highest in the veins nearest the capillaries. Pressure relations 
in the circulation are shown graphically in Fig. 62. 

Clinical or Indirect Methods of Determining Blood Pressure. For 
such determinations in man adequate apparatus and technic have been 
developed, and the importance of blood pressure studies as an aid to 
diagnosis is universally recognized. In veterinary medicine much less 
progress has been made in this direction. In large animals the relative 
inaccessibility of arteries of proper size has been an important lim- 
iting factor, and this difficulty has not yet been entirely overcome A 
number of workers have made more or less successful attempts to de¬ 
termine the blood pressure in the intact superficial arteries (caudal ar¬ 
teries) of the horse and cow, but the technic has not yet received 
enough attention to cause its wide use clinically. A little more progress 
has been made in the dog and other small animals. 


Fio. 62.—Diagram illustrating mean pressure re¬ 
lations in different parts of the blood-vascular 
system. (The fall in the arterioles should be 
somewhat greater than shown.) Note the nega¬ 
tivity of the venous pressure near the heart. The 
diagram does not accurately show the relative 
lengths of the different parts of the vascular sys¬ 
tem (arteries, arterioles, capillaries, and veins). 


ABTfBICi ABTCBlOltS CAPlUABlti 


VtINJ 
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In blood pressure determinations tlie apparatus used is the sphyg¬ 
momanometer. This consists essentially of an inflatable bag in a cufT, 
a manometer (mercury or aneroid), and an inflating bulb, equipped 
with an exhaust valve. In man the cuff is strapped around the arm on 
a level with the heart, thus excluding the hydrostatic effect (p. 186). 
By rhythmic compression of the bulb the cuff is inflated above the 
pressure necessary to obliterate the pulse as determined by listening to 
the arterial sounds by means of a stethoscope placed over the brachial 
artery at the cubital fossa (auscultatory method) or by palpation of 
the radial pulse (palpatory method). Then the cuff is slowly decom¬ 
pressed, and when the pulse reappears below the cuff, as determined 
by auscultation or palpation, the pressure is read. This reading repre¬ 
sents systolic pressure. Deflation of the cuff is continued until the 
sounds given by the artery below the cuff show a characteristic 
muffling or disappear. At one or the other point the manometer is read, 
and the reading represents the diastolic pressure. 

An uncompressed artery produces no sound. At certain stages of 
compression, sounds are heard which may be described as taps and 
murmurs. The taps are thought to be caused by an outward movement 
of the arterial wall with sufficient force to produce sound. The mur¬ 
murs are believed to be due to turbulent flow in the vessel below the 
region of compression. The auscultatory method, dependent upon 
these sounds, was introduced by Korotkov, in 1005, and the sounds 
bear his name. The systolic pressure can be determined more accu¬ 
rately by the auscultatory method. The diastolic pressure cannot be 
determined by the palpatory method. 

In efforts to measure blood pressure indirectly in animals, some 
workers have used technics similar to those used in man, whereas 
others have made considerable modifications in the procedures. The 
auscultatory technic described for the dog by Rule is simple and should 
have ready clinical application. Systolic pressures of approximately 
138 mm. Hg and diastolic pressures of approximately 79 mm. Ilg were 
found. Wakerlin has described a relatively simple method involving 
the needling of a femoral artery. The method yields mean pressures, 
most of the values varying between 110 mm. Ilg and 140 mm. Hg. 
Using the auscultatory method in dogs, Wakerlin found in the brachial 
artery an average systolic pressure of 140 mm. Ilg and an average 
diastolic pressure of 90 mm. Hg. A recent comparative study of 
different methods of blood pressure measurement in dogs has been 
made by Romagnoli. A capacitance manometer and oscillatory and 
auscultatory technics were used. Other work on the dog has been done 
by Ferris and Hynes; Kolls; Allen; Dcterling and Essex; Fuller, 
Wilhelmj and co-workers. 
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By means of a technic similar to that used in man Covington and 
McNutt found that the normal systolic pressure in the middle coccygeal 
artery of the horse (224 animals) varied from 86 to 104 mm. Hg in 
different animals; it was somewhat higher in males. The diastolic pres¬ 
sure was 30 to 45 mm. Hg lower than the systolic. Fontaine found that 
the maximal pressure in the same location in the horse (120 animals) 
averaged 85 mm. Hg; minimal, 48 mm. Hg. None of these figures are 
corrected for the effect of gravity. Schilling has also reported results for 
the horse. 

In lying cattle Gotze found average pressures in the coccygeal artery 
as follows: maximum pressure, 202; minimum pressure, 136; pulse 
pressure, 66 cm. of water. When these figures are translated into milli¬ 
meters of mercury, the following pressures are obtained: maximum, 
149; minimum, 101; pulse, 49. 

An indirect method of measuring blood pressure in the fowl has 
been reported (Weiss and Sturkie) and the effect of age on blood pres¬ 
sure in the chicken has been studied (Sturkie, Weiss, and Ringer). 
The blood pressure is higher in the male than in the female, and it 
increases with age in both sexes. Blood pressure of the fowl is fully 
discussed and documented in the book by Sturkie. 

PRODUCTION OF BLOOD PRESSURE 

Under normal conditions at least four factors co-operate in the pro¬ 
duction and maintenance of blood pressure: (1) the beat of the heart, 
(2) the peripheral resistance, (3) the elasticity of the arteries, and (4) 
the volume of blood. 

Beat of the Heart. The energy used to circulate the blood comes 
mainly from the beat of the heart. During systole of the heart the 
arterial pressure rises because the rate at which blood enters the ar¬ 
terial system exceeds the rate at which it drains through the arterioles 
into the capillaries. During diastole the pressure falls because of the 
passage of blood through the arterioles into the capillaries. If other 
conditions are unchanged, an increase in the rate or the stroke volume 
of the heart causes a rise of arterial pressure, whereas a decrease in the 
rate or amplitude causes a fall. If rate and amplitude vary in the oppo¬ 
site direction, their effects may cancel each other so that the blood pres¬ 
sure does not change. 

According to the “peripheral heart” theory, active contraction of 
the large arteries aids in propelling the blood along the vessels. This 
theory was for a time supported by some workers. Wiggers (1923), 
who carefully reviewed the question, concluded that there is not only 
no evidence in favor of an “active systole” of the arteries but that 
its existence is incompatible with the slowness of smooth muscle con- 
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traction. On the other hand, Hooker said that it is quite probable, 
though by no means proved, that the capillaries and venules may 
supply some active force to the movement of blood, and Franklin ex¬ 
pressed the view that the mesenteric veins in the sheep aid, by active 
contraction, in the flow of blood through the liver. 

Peripheral Resistance. As the blood flows through the blood 
vessels it encounters resistance to its movement. The resistance is 
largely an internal friction caused by the viscosity of the blood and is 
most noticeable at the periphery of the circulation, that is, in the region 
of the arterioles and capillaries. It is therefore a 'peripheral resistance. 
The exact seat of the peripheral resistance has been a subject of discus¬ 
sion. The older physiologists assumed that it was located in the arte¬ 
rioles, where the numerous vessels were constricted enough to offer 
distinct resistance to the rapidly moving blood. In the capillaries, how¬ 
ever, the bed was so wide and the velocity of the blood flow therefore so 
small that the resistance was slight in spite of the small size of the indi¬ 
vidual vessels and lienee the great frictional surface. Later work on the 
capillary circulation (Krogh, Richards, Wearn and co-workers) indi¬ 
cates that all the capillaries, especially in a resting organ, are not open 
at once. Some are widely dilated, some arc completely closed, and some 
arc partially open. The considerable blood velocity caused by this nar¬ 
rowing of the capillary bed, together with the small caliber of the indi¬ 
vidual capillaries, must result in resistance to the flow of blood. The 
conclusion seems justified, then, that some of the peripheral resistance 
lies in the capillaries. On the other hand, when most of the capillaries 
are open, the peripheral resistance is not only decreased, but there is 
also a great increase in the capacity of the vascular bed, which tends 
further to reduce the blood pressure. 

A general increase in peripheral resistance, other factors remaining 
the same, causes an increase in arterial pressure, and a general decrease 
in peripheral resistance causes a fall in arterial pressure. The regulation 
of the peripheral resistance will be studied in the next chapter. 

The total peripheral resistance can be calculated if the cardiac 
output and the mean arterial pressure arc known. 

Pressure 

Total peripheral resistance =-— • 

Cardiac output 

Elasticity of the Arteries. That the walls of large arteries con¬ 
tain a great deal of elastic tissue is well known. Because of the clastic 
recoil of the arterial wall, distended by blood during systole of the 
heart, a relatively uniform flow of blood is maintained in the capillaries 
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during diastole. At the capillary area the nutrition of the tissues takes 
place; therein lies the chief importance of a uniform flow. Furthermore, 
the elastic arteries damp the blood pressure and thus protect the deli¬ 
cate capillary wall against sudden and great fluctuations of pressure, 
such as would occur if the arteries were rigid. \\ hen arterial elasticity 
is diminished, the changes in arterial pressure becomes sharper, and it 
is possible that such changes may in part reach the capillaries. The 
relation of elasticity to flow is discussed also on p. 161. 

Volume of Blood. In general, the effect of an increased amount 
of blood in the circulation is to cause a rise in arterial pressure, 
whereas a decreased amount causes a fall. The degree of fall during 
hemorrhage depends on the rate of bleeding. If a large artery is opened, 
there is an immediate though not marked fall, due chiefly to the sudden 
removal of a considerable amount of peripheral resistance when the cut 
is made. When, however, a small artery is opened, there is at first no 
effect on blood pressure; it is only after a good deal of blood has been 
lost that a fall occurs. There are two principal reasons why there is no 
full in blood pressure following moderate hemorrhage from small ves¬ 
sels: the vasomotor nerves cause constriction of the blood vessels and 
the spleen contracts (p. 46), forcing some of its store of blood into the 

general circulation. The effect of hemorrhage is further discussed on 
p. 62. 


EXPERIMENTAL HYPERTENSION 

It was shown originally by Goldblatt and co-workers (1934), and 
has been confirmed by many other investigators, that partial constric¬ 
tion of the main renal arteries by means of suitable clamps produces 
persistent hypertension. The original work was done on dogs, and most 
of the subsequent experiments have been made on this animal. How- 
ever researches reveal that other species, including sheep and goats 
(Goldblatt and co-workers, 1943), respond similarly to the dog when 
the renal artery is partially constricted. 

The elevation of blood pressure following application of the clamp 
to the renal artery usually begins in 24 or 48 hours. The effect of the 
clamp ls to lessen the flow of blood to the kidney, thereby causing some 
disturbance in the dynamics of the renal circulation. The exact nature 
0 e resultln g change in the renal circulation has not been determined 

In most dogs unilateral constriction of the main renal artery results 
in temporary hypertension which returns to normal in six weeks or 

anL- 6 u ,lyPOr , tCnsive anima ' 8 ’ if the ^mp is taken off the artery, 

k hI 6 ( ‘ 0 .?' rC 0n t0 the kidney t0 return to normal, or if the 
to th/ Wlth tll ® con8tncted arter y is removed, the blood pressure falls 
to the preoperative control level in 24 hours or less. In goats and sheep. 
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and occasionally in the dog, constriction of one main renal artery re¬ 
sults in hypertension which lasts for many months. In these animals 
surgical removal of the kidney with the constricted artery causes the 
blood pressure to drop to normal in 24 hours or less (Fig. G3). In dogs, 
sheep, goats, and other animals, constriction of both renal arteries re¬ 
sults in hypertension of an enduring nature. 

The mechanism of experimental renal hypertension has been exten¬ 
sively studied. That vasomotor reflexes (Chapter \ II) are not involved 
is indicated by the observations that neither sympathectomy, partial or 
complete, nor complete destruction of the spinal cord will prevent or 
abolish the hypertension caused by constriction of a renal artery. (Evi¬ 
dence suggests that in the later stages of renal hypertension a nervous 
factor may be involved.) Experiments have failed to reveal any causal 
relationship between the endocrine system and the hypertension. 

There is a large body of evidence (sec the review by Goldblatt and 
the book, Experimental Hypertension, 194G) that a chemical substance 
(humoral agent) produced by the kidney acts upon a substrate in the 



Fig. G3.—The development of experimental hypertension in a goat, female, ny< 
about 1 year. Blood pressures nre mean values obtained by arterial puncture. At 
LK the left main renal artery was moderately constricted. Note that the blood 
pressure remained elevated for G months. At LN the left kidney was remote* , 
whereupon the blood pressure fell to normal within 21 hours and remained tluie. 
At RK the right main renal artery was greatly constricted. I he blood pressure 
rose again, but the animal developed uremia and died at D. I erminal boo* 
findings; urea nitrogen, 131 mg. per 100 ml.; creatinine, 5.8 mg. per 100 ml., > 
combining power, 40.5 volumes per 100 ml. (From Goldblatt, Ivahn, and - e " 18 
Journal of Experimental Medicine, 1943, 77.) 
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Dlood to produce a vasoconstrictor principle. The main facts may be 
summarized as follows: 

Kemn (an enzyme produced m the kidney) enters the general cir¬ 
culation via the renal vein and acts upon a substance known as renin- 
substrate or hypertensinogen (a component of the a.-globulin fraction 
of the blood) to form angiotonin or hypertensin (a peptide), which is 
the vasoconstrictor substance. Angiotonin can be inactivated by atigio- 

tonase or hypertensinase, an enzyme present in blood and in extracts 
of organs. 

The question naturally arises whether the humoral mechanism just 
described is concerned in the regulation of normal blood pressure. No 
definite answer can be given at present. There is recent evidence sug¬ 
gesting that the mechanism functions under normal conditions. 

there is evidence that other pressor substances may be produced 
by the kidney. 

Renal hypertension, described above, is humoral in origin. A neuro¬ 
genic hypertension of a persistent nature can be produced by bilateral 
denervation of the carotid sinus and transection of the aortic depressor 
nerves (Bing, Thomas, and Waples). For a discussion of the signifi¬ 
cance of the sinus nerves and the aortic depressor nerves in the regu¬ 
lation of the normal circulation, see pp. 137 and 208. 

Essential Hypertension. This is a complex disorder in man, one of 
the most important manifestations of which is elevation of blood pres¬ 
sure due to an increase of peripheral resistance, which in turn results 
from increased vasoconstriction. It. is not known to what extent this 
condition is of renal origin, although there is much evidence that ex¬ 
perimental renal hypertension reproduces in many respects human 
essential hypertension (Goldblatt). However, there is considerable evi¬ 
dence that a neurogenic factor may also be involved. 

How frequently do essential hypertension and other forms of high 
i oo pressure occur clinically in animals? It is generally assumed that 
lypertension is much less common in animals than in man, but there is 
actually no strong basis for this view, since few clinical studies of blood 
pressure in animals have been made. In fact, our knowledge as to what 

limited * a n0nnal rangC ° f bl ° od P rcssure in most animals is quite 

AIDS TO THE FLOW OF VENOUS BLOOD 

cirJla^ f °w e ° f thC .!‘ eart beat is thc chicf factor '■•'“'Sing the blood to 
2*,i k H er ; tbe venous rc,urn - especially during muscular work 
* aided by several factors as follows: (1) Contracting muscles com¬ 
press the veins, which are thin-walled, thus assisting in emptving them 
toward the heart. Back flow is prevented by the presence oY numerous 
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valves. (2) At every inspiration the negative pressure on the organs in 
the mediastinum is further reduced. The lowered pressure is transmitted 
through the thin walls of the veins of the thorax to the blood within 
them. In this way blood is actually sucked toward the heart at every 
inspiration. The positive venous pressure added to the negative pres¬ 
sure exerted by the thorax gives what has been termed the effective 
venous pressure. Illustrative figures may be cited. A positive pressure 
in the great veins near the heart of 6 mm. II 2 0 and a negative pressure 
in the thorax of 60 mm. H z O would give an effective venous pressure 
of 66 mm. H 2 0. The backward movement of the diaphragm during 
forced inspiration raises the abdominal pressure by compressing the 
viscera. This further assists in emptying the veins toward the heart. 
(3) Modern work seems to indicate that venules and certain veins 
may, by active contraction, aid in the flow of blood through them. 

EFFECT OF GRAVITY ON THE CIRCULATION 

In addition to the force of the heart beat (hydrodynamic effect), 
the effect of gravity on the pressure conditions in different parts of the 
circulation must be considered. This is often referred to as the hydro¬ 
static effect. Above the level of the heart, the hydrostatic force opposes 
the hydrodynamic force in arteries but is added to it in veins. Below the 
level of the heart the opposite conditions prevail: on the arterial side 
the hydrostatic force is added to the hydrodynamic force, but on the 
venous side it opposes the latter. 

Gravity ordinarily presents no serious problem to the circulation in 
quadrupeds in the natural position except those with long legs and with 
long necks used in grazing or browsing. In man in the upright position 
the effects of gravity are very considerable. Arterial pressures above 
the level of the heart show no effect of gravity, the pressure in the 
brachial or carotid artery being in the standing position as high as, or 
in some instances higher than, the pressure in the same location in the 
lying position. The compensation is effected by reflex constriction of the 
arterioles, especially in the splanchnic area. In the lower limbs of man, 
however, no mechanism exists for counteracting the hydrostatic effect 
on the arterial side. For example, the blood pressure in the brachial 
and posterior tibial arteries in the horizontal position is the same, 
whereas in the standing position the pressure in the posterior tibial ar¬ 
tery is much higher. This lack of compensation for the effect of gravity 
is ordinarily not serious. 

It is on the venous side of the circulation that the effect of gravity 
is more manifest. Several factors account for this. The pressure in the 
veins is low, the veins are thinner-walled and more baggy than the ar- 
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teries, and the vertical distance (in man) through which the venous 

blood has to be lifted in order to return it to the heart is much greater 

than that through which arterial blood has to be moved above heart 
level. 

Compensations in man for the hydrostatic effect on the venous flow 
are usually well developed. The factors are in general the same as those 
already outlined as aiding the venous return. Of particular importance 
in counteracting the efTect of gravity on the venous flow is adequate 
contraction, or tonus, of the skeletal muscles. In some individuals this 
is lacking, and fainting soon occurs when prolonged, quiet standing is 
attempted. Lender these conditions there is a marked decrease in the 
cardiac output because of diminished venous return (Mayerson, 1943). 
This results in a fall of arterial pressure and cerebral ischemia. 

In quadrupeds with long legs the effect of gravity on the venous re¬ 
turn from the legs must be considerable, but adequate compensation or¬ 
dinarily exists. For example, in the hind limb of the horse several of the 
veins are so located as to be readily compressed during muscular con¬ 
traction, and they have numerous valves. During grazing in large her¬ 
bivorous animals, the hydrostatic efTect on the venous flow from the 
head is counteracted by contractions of the muscles of mastication. 
The great muscles of the shoulders, back, and rump of the large quad¬ 
rupeds are in general above the level of the heart. Gravity therefore 
aids the venous return. 


Orthostatic Circulatory Failure. This condition, also known as 
gravity shock, occurs in some animals when kept for a prolonged period 
m the vertical position with the head up. Unanesthetised rabbits so 
suspended become unconscious in 20 to 120 minutes, and many of them 
die 2 to 24 hours after return to the normal position. In such sus¬ 
pended rabbits there occurs a peripheral circulatory deficiency or 
allure, which is accompanied by inadequate oxidative processes in 

surtain rr? ntly results in insufficient energy production to 
sustain the animal (Cole and co-workers, Nastuk). 

scon" °^ h °f atiC circulatory failure in the rabbit, the pial vessels, as 

arc ,l„ h u 6h “ f rebral w,ndow . show no change in caliber, but they 
are darker in color, even the arterial blood becoming venous Dipping 

level 0 C f 0 the 0 heart ^ “ b . a ‘ b (at b ° dy ta »P“»tu re ) up to the 
level of the heart causes consciousness and the normal color of the 

decrc? ° vt tr r Snd the P ial —els to return. Cardiac output is 

when T d Whl e , - thc animal is *" er avit y shock. It returns to normal 
when the animal is dipped into the bath (Stigler). 

npr;^ eSt *u Ct,Zed . d ° gS are usua,1 y ab, e to withstand for relatively lonr> 

8 e upright position without serious circulatory deficiency; 
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however, when the carotid sinuses are denervated and the vagi cut. 
compensation disappears, the blood pressure drops to shock levels, and 
the chances of recovery are slight. The latter animals arc very sus¬ 
ceptible to slight hemorrhage, the removal of small amounts of blood 
often bringing on an irreversible circulatory failure (Mayerson, 1942, 
1944). 


PULMONARY CIRCULATION 

Previous statements regarding the flow of blood have had particular 
reference to the systemic circulation. It now remains to study similar 
conditions in the pulmonary circulation. This circulation extends from 
the right ventricle to the lungs and back to the left atrium. The general 
plan of the pulmonary circulation being similar to that of the systemic, 
it would be expected that the same principles governing flow in the 
latter circuit would apply in the former, and in a general way the prin¬ 
ciples are the same. There arc some well-defined differences in the two 
circulations, however, and these are reflected in differences in flow. 

In the pulmonary circulation the blood flows in a bed which widens 
more rapidly and offers less resistance than in the systemic circulation. 
Therefore in the pulmonary circulation a relatively lower pressure 
prevails on the arterial side and a relatively higher pressure on the 
venous side. 

The compilations of Tigcrstcdt show that the mean pressure in 
the pulmonary artery of the rabbit averages 14; of the cat, 10; and 
of the dog, 23 mm. Ilg. From the right ventricle of unanesthetized 
goats Dunn obtained results that indicate a mean pressure in the 
pulmonary artery of 18 mm. ITg. Colin (Tigerstedt, vol. 4) found a 
pressure of 33 to 58 mm. ITg in the pulmonary artery of the horse. 
Wiggers concluded that the systolic pressure in the pulmonary artery of 
the flog is about 40 mm. Tig, and the diastolic about 10 mm. Pulmo¬ 
nary arterial pressure falls on inspiration, rises on expiration. Johnson 
and co-workers found that the velocity of the pulse wave in the pul¬ 
monary' artery under normal conditions is about the same as in the 
aorta. These investigators noted that sudden changes of great magni¬ 
tude in the systemic arterial pressure have only slight immediate 
effect on the pulmonary arterial pressure. This is explained in part by 
the fact that the pulmonary vessels can increase their blood content 
considerably with little change in blood pressure. That the blood ves¬ 
sels of the lungs can store a considerable quantity of blood is evident 

from several lines of work. 

The lowness of the pulmonary arterial pressure indicates that pu - 
monarv capillary pressure is below the osmotic pressure of the blooc 
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proteins. This probably explains why the alveoli do not contain fluid 
under normal conditions. 

Deep-chested animals kept on the back for some hours may die. 
The cause of death in goats and sheep kept on the back has been 
studied by Greenberg and co-workers. Death was caused by severe 
pulmonary changes, which were revealed at autopsy. Pulmonary con¬ 
gestion, alveolar hemorrhage, and interstitial edema were noted. Gas 
in the rumen was not related to the development of the conditions that 
led to death. A possible explanation is that the weight of the heart 
pressing on the pulmonary veins might interfere mechanically with 
the return of blood from the lungs to the heart. Thus the pulmonary 
circulatory changes could occur. 

Microscopic studies of the blood flow in pulmonary vessels are dis¬ 
cussed on p. 159, the vasoconstrictor nerves of the lungs on p. 203. 


AKILKIAL PULSE 

From what has been said about the flow of a liquid in elastic tubes, 
a general idea of the cause and significance of the arterial pulse will 
a ready have been acquired. The pulse is a wave of expansion and 
elongation of the arterial walls produced by variations in arterial pres¬ 
sure during each beat of the heart. The pulse begins at the aorta, passes 
over the entire arterial system, and disappears, under usual conditions, 
at the periphery. The production of the pulse may be described as 
follows: When the ventricle contracts, blood is forced into an already 
ull aorta. Since blood is incompressible, room must be made for the 
newly discharged quantity. This could be accomplished by moving 
the entire mass of blood forward and discharging into the right atrium 
an amount equal to that expelled from the left ventricle, or by a 
stretching of the arterial wall sufficient to accommodate the new 

' T by a CO,nbi[ “ ation of “'«<= methods. Actually 
both adjustments take place, but the distention of the arterial wall is 

the more prominent. This distention, and recoil, beginning at the aorta 

IS transmitted from point to point in the wall of the arteries (Fig 04)’ 

It constitutes the pulse or pulse waye. The pulse is therefore the 

as it flows 0 tl r a . PrCSSU,e Chan6e in the » rtcria > "’all and the blood 
chance through a system of clastic vessels. The wave of pressure 

p. 168)’ OT PreSSUre pulsc ’ ls accompanied by a flow pulse (Fig. 54 , 

wi,l V «° City ; Tl '° veloci, y of the pulsc wave should not be confused 

gVeate "xr ,° C,ty ° f bl °° d cu " ent ' The former velocity U much 
K .In the arm arteries of man it is of the order of 7nnn 

second, whereas the systolic blood velocity in a large arSTso^ 
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370 mm. per second—19:1. The average velocity of the pulse wave may 
be estimated by measuring the difference in the time of the appearance 
of two pulses, for example, a central and a peripheral pulse, and then 
measuring the distance between the points at which the pulse records 
were taken. The pulses may be recorded by placing receiving cups or 
tambours over the arteries and connecting the receivers with recording 
tambours arranged to write on a rapidly moving surface. A tuning fork 
or other time marker also is arranged to write on the surface. The lever 
of the tambour recording the central pulse will be elevated before the 



Fig. 64.—Simultaneous tracings (Marcy, 18S1) of intraventricular pressure (PV), 
aortic pulse (A), carotid pulse (Ca), and femoral pulse (F) in a horse. The 
vertical lines represent intervals of 0.1 sec. The pulses were recorded mechanically 
and doubtless contain artifacts due to inadequacies of the recording systems. 
Nevertheless they clearly show a number of important features including the lag 
of the pulses. 

one recording the peripheral pulse. The interval between the elec¬ 
tions will represent the time required for the pulse wave to travel 
through the arterial system between the two points. Assuming that the 
distance between the points over the arteries is 75 cm. and the time 
required for the pulse to travel the distance is 0.1 second, the average 
velocity of the pulse wave (distance/time) is 75 -4- 0.1 — 750 cm. — 7.5 
meters per second. 

The pulses may be more accurately recorded by optical tambours 
having little mirrors attached to rubber membranes. A band of lig > 
is projected onto the mirror, and the movements of the reflected ban , 
which correspond to the oscillations of the membrane, arc rccor e 
on a moving photographic surface. A concave mirror makes unncce 
sary the use of lenses in the optical system. 
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The pulse may also be recorded by use of a pressure transducer 
whose amplified potentials operate a recording system. 

The velocity of the pulse wave varies in different arteries. It is 
much less in the large central arteries than in the smaller peripheral 
ones. Fair figures for the arteries of man are as follows: arteries near 
the heart, about 3 meters per second; arm arteries, 6 to 8 meters per 
second; leg arteries, as much as 13 meters per second. 

In general, the more rigid the artery the faster the pulse wave 
travels, whereas the more elastic the artery the slower it travels. Dif¬ 
ferences in arterial elasticity are responsible in part for the differences 
in pulse wave velocity in central and peripheral arteries. In arterio¬ 
sclerosis the pulse wave may be found to travel at a greater velocity 
than normal, whereas in aneurysm of the aorta it travels at a lower 
velocity. The velocity variations in arteries of different degrees of elas¬ 
ticity will be clearer when it is considered that the travel of a pressure 
change in a rigid tube is practically instantaneous, whereas in an elastic 

tube appreciable time is required for the transmission of the pressure 
change. 

Length. The length of the pulse wave is very great. It may be 
calculated by multiplying the velocity by the period of the wave, that 
is, the time required for the wave to pass a given point. This time is the 


same as 


60 sec./min. 
pulse rate/min. 


Assuming a velocity of 7 meters per second 


and a pulse rate of 75 per minute, the length of the pulse wave would 
be 7 m./sec. X 0.8 sec. = 5.6 meters. Evidently the pulse wave reaches 
he most outlying arteries before it disappears at the root of the aorta. 

Form. The form of the pulse is studied by means of graphic meth¬ 
ods. Several methods of obtaining graphic records of the pulse have 
already been indicated. Another method requires the use of an instru¬ 
ment known as a sphygmograph. Many kinds of sphygmographs for 
pphcation to man have been devised, and most of them are so con¬ 
structed that they can be fastened to the arm near the wrist so as to 

«r„ a K r< ?. 0rd ,M° f thG radial Pul6e * The impact of the P ul *e activates a 
mail buttonlike structure whose movements are transmitted through 

a system of delicate magnifying levers to a writing point. This traces 

a curve on a piece of paper made to move by clockwork. A time marker 

now 8 wi"eVusS dCd ' MeChanical 8phy e m0 S ra P h a of this kind are not 

chances “t desc ". bed for recordin E the pulse detect local 

ges in the volume or diameter of the artery. Another method 
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registers the pressure changes occurring inside the vessel. Such records 
are tiie same as blood pressure tracings when made with suitable 
manometers. Records of pulse waves are shown in Figs. 65 and 66. 

A record of the arterial pulse may be divided into two fundamental 
parts, systolic and diastolic, which arc separated, on the descending 
limb, by a notch. In central pulses this is known as the incisura and 
in peripheral pulses as the dicrotic notch. 

The incisura signals the closure of the aortic valve. It is caused by 
a sudden increase in the capacity of the aorta when the aortic valves, 
upon closure, bulge back somewhat into the relaxing ventricle. The in- 
cisura is followed by one or more oscillations. 

As the incisura passes peripherally as a component of the pulse 
wave, it undergoes modification to form the dicrotic notch of peripheral 
pulses. Factors concerned in bringing about this modification are the 
reflection of waves back from the arterioles because of the increased 
resistance to flow that occurs in this region of the circulation and the 
damping of the incisura in transmission. Small vibrations may precede 
and follow the dicrotic notch. 

The ascending limb of the pulse curve is known as the anacrotic 
Hint), the descending the catacrotic. In central pulses a bend or shoulder 
is usually seen on the upper part of the anacrotic limb, but this is not 
commonly seen in peripheral pulses. The anacrotic bend results from 



H sec * 

Fia. 65.—Simultaneously recorded pulses from the subclavian (upper) and radin 
(lower) arteries; made by optically recording volumetric changes in the arteries. 
Note the changes in contour from central to peripheral pulse and the delay m 
transmission. The periods of systole and diastole and the phases of systole are 
shown. The different waves are also designated. (From Wiggers, Physiology 
Health and Disease, ed. 5, Lea and Febigcr, 1949.) 
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Mm. Hg ILIAC AORTA 

200 -^ 



100 - 




« _ » 

1 Second 

Fio. 06.—Pulse waves continuously recorded in an intact dog by withdrawal of 
a miniature intravascular manometer from the iliac artery through the entire 
length of the aorta to the carotid artery. Note the differences in the pulse 
waves in the different locations. (From Ellis, Gauer, and Wood, Circulation, 1951, 
3, 390.) 

the distention of a greater zone of the aorta by the ejected blood as the 
pulse wave travels. 

Actually the factors involved in the production of the pulse and 
the change in form which it undergoes as it travels peripherally are 
much more complex than the brief description given here would indi¬ 
cate. Fuller discussions and detailed analyses may be found elsewhere 
(Wiggers, 1949; Hamilton). 

Palpation. The pulse may be palpated in many of the superficial 
arteries, the ones most accessible varying in the different species. In 
the horse the external maxillary artery is the one commonly used, al¬ 
though others are accessible. In the cow the same artery, the saphe¬ 
nous, or the middle coccygeal may be used. In the sheep, goat, dog, and 
cat the femoral artery is the most accessible. In the pig palpation of 
the pulse is difficult or impossible; hence it is customary to count the 
number of heart beats by palpation or auscultation over the cardiac 
region. Palpation of the pulse gives to the experienced examiner valu¬ 
able information about the heart and circulation. Thus the heart rate, 
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at least the ventricular rate, is usually readily determined. (However, 
premature ventricular beats occurring near the beginning of diastole 
may not eject enough blood to produce a detectable peripheral pulse.) 
Whether the pulse is rhythmic or arrhythmic is also noted. The ampli¬ 
tude or size of the pulse can be estimated. The form of the pulse gives 
information about the speed with which the wave rises and falls and 
about the relative duration of the systolic and diastolic phases. A 
rough estimate of the blood pressure can be made by pressing on the 
artery. 

VENOUS PULSE 

The arterial pulse usually disappears at the periphery of the cir¬ 
culation. When, however, the peripheral resistance is much relaxed, the 
pulse wave may pass across the capillaries, appear in the veins, and so 
constitute a venous pulse. However, the term venous pulse as com¬ 
monly used has a different meaning from this and refers to a pulsation 
in the large veins near the heart, often visible in some animals over the 
jugular veins in the region of the neck. Among domestic animals it is 
best seen in the ox (dairy cows) for the reason that in this species the 
jugular veins and anterior vena cava are comparatively large (Malk- 
mus). A graphic record of the venous pulse shows a number of waves, 
some positive and some negative (Fig. 07). The first of these, the a 
wave, is positive and is due to atrial contraction, following which there 
is a negative wave due to atrial relaxation. Another positive wave, 
designated the c wave, now occurs. It is attributed (1) to the pulse 
in the underlying carotid artery and to the aortic pulse causing a pres¬ 
sure change in the large veins and (2) to a positive wave in the atrium 
at the beginning of ventricular systole caused by the bulging of the 
closed A-V valves into this chamber. There now follows another nega¬ 
tive wave believed to be produced by the downward movement of the 
closed A-V valve and the consequent lengthening of the atrial cavity 
when the papillary muscles shorten in systole. Next comes a third 
positive wave ( v ) due to the gradual filling of the atrium during ven¬ 
tricular systole. This wave is followed by a third negative wave 
caused by a fall in pressure in the atrium incident to the discharge of 
its blood into the ventricle when the A-V valve is opened. From this 
discussion it is evident that the jugular veins act as a kind of manom¬ 
eter showing pressure changes in the right atrium. A record of the 
venous pulse is similar to that of atrial pressure changes. It is also 
obvious that the rate of atrial contraction can be determined from 
the venous pulse. 

The components of the venous pulse described here apply to man. 
There is no doubt, however, that the mechanism of the production of 
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the venous pulse is similar in all normal animals. Sellers and Heming¬ 
way recorded jugular pulses in dairy cattle as a part of a study of 
arterial and venous pressures in these animals. The usual components 
of the venous pulse could be identified in some of the tracings. Artifacts 
caused by eructation, swallowing, coughing, etc., were troublesome. 



f io. 67.—Simultaneous electrocardiogram (lead II) and record of jugular pulse 
ol a man. The jugular pulse tracing was made by the use of a crystal microphone 
for receiving the pressure variations and a string galvanometer. Time, 0.1 sec 
and 02 sec. There is a slight lag in the components of the jugular pulse tracing 
in comparison with the electrocardiogram because of the transmission time from 
the heart to the point over the jugular vein at which the pulse was detected 
(From Miller and White, American Heart Journal, 1941, 21.) 


A tracing of the jugular pulse of a steer made by surface detection of 
the pulse and optical recording is shown in Fig. 68. The a c and v 
waves are identified. * ’ 

A fuller discussion of the venous pulse, and the literature may be 
found elsewhere (Lewis, Wiggers). ’ 

Pathological venous pulses may occur. Tricuspid stenosis and tri¬ 
cuspid insufficiency result in abnormal pressure waves in the great 

veins. Atrial fibrillation and other cardiac irregularities reveal them¬ 
selves in the venous pulse. 




This is a complex problem toward the solution of which a creat 
deal of work has been done. The study of shock was greatly accelerated 

s.:.:rr^" ld w " n " d Md 

. , ®!f nS of Se 'f ere i shock ,in thc Jog) are: ‘‘Extremities cold skin 
bloodless, peripheral veins collapsed, oral mucous membrane drjr and 
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pale, thirst, lack of sensitivity to pain, and central nervous depression 
bordering on coma” (Gregersen). Wiggers (1942) in reviewing the 
shock problem emphasized the circulatory impairment which “steadily 
progresses until it eventuates in a state of irreversible circulatory 
failure.” 



Fia. 08.—Jugular pulse tracing made from a Jersey steer; optically recorded. 1'lie 
pulse was received by a little cup fixed to the skin over the jugular vein and was 
transmitted to a capsule covered with a rubber membrane to which a concave 
mirror was attached. The waves (a, c, v) of the venous pulse arc shown. 'lime 
record shows intervals of 0.2 sec. Pulse rate, 09. (From Downie, Photokymo- 
graphic Studies oj Regurgitation and Related Phenomena in the Ruminant, thesis, 
Cornell, 1950.) 

Two principal methods of producing shock have been employed in 
recent experiments: trauma and hemorrhage. Some of the forms of 
trauma that have been used (under anesthesia) are a tourniquet ap¬ 
plied to one or more extremities and later released, crushing, compres¬ 
sion, muscle contusion, anti injury to intestinal loops. In unanesthetized 
dogs a massive hemorrhage which reduces the blood volume some 40 to 
50 per cent will result in severe shock. Hemodynamic changes follow¬ 
ing severe hemorrhage are shown in Fig. 09. Circulatory reactions of 
dogs to hemorrhage, the role of vasoconstriction in the response to 
hemorrhage, and vasconstriction as a factor in the onset of traumatic 
shock have been studied by Remington and co-workers. 

Studies continue to be made in an effort to find a toxic factor in 
shock. Some of the toxic substances that may be involved or that have 
been used in these experiments are histamine, continuous injections of 
adrenaline, peptone, bacterial toxins, tissue extracts, and blood from 

shocked animals. 

Stimulation of afferent nerves has not been shown to result in shock 
except in rabbits, in which long-continued stimulation of the aortic 
nerves leads to death from circulatory failure. It is possible, however, 
that an afferent nervous factor is involved in some forms of shock. 

The primary factor in the cause of common types of shock (trau 
matic and hemorrhagic) appears to be a large reduction of bloo 
volume. This occurs at the time of injury even in traumatic shoe 
It was formerly believed that in traumatic shock increased capillary 




FLOW OF BLOOD IN BLOOD VESSELS 


107 


leakage accounted for the reduction in blood volume, but this view 
is no longer held. Work in recent years has revealed that in traumatic 
shock the reduction in blood volume occurs as a result of fluid loss 
into the damaged area at the time of injury and not gradually as a 
result of generalized capillary leakage. 

If the progressive circulatory failure which characterizes shock is 
not due to a progressive decrease in blood volume, it is proper to in¬ 
quire where the physiological defect occurs. It is the cardiovascular 
apparatus that fails. At the time of the trauma and blood loss, the 
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Fio. 69.—Circulatory changes (in a dog) following a reduction of blood volume 
by about 40 per cent by hemorrhage for 10 minutes. Compensation, impending 
shock, and irreversible shock then follow. The reduction in blood volume and 
effective atrial (venous) pressure as a result of hemorrhage cause the cardiac 
output to decrease. This is responsible for the fall in blood pressure and the 
changes in form of the pressure pulses. During compensation some vasoconstric¬ 
tion together with contraction of the spleen and the passage of tissue fluid into 
the blood, occurs. The partial recovery of arterial pressure during compensation 
* P nnc, » )all y b y a » improvement in cardiac output. During impending 

shock blood progressively pools in the capillaries, with the result that venous 
re urn, cardiac output, and arterial pressure decline. During irreversible shock 
these changes worsen and the myocardium is adversely affected. Although venous 
pressure rises somewhat, cardiac output declines. (From Wiggers, Physiol,ov in 
Health and Disease, ed. 5, Lea and Febiger, 1949.) ^ 
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cardiac output falls sharply. Then there is a progressive decline to as 
low as 10 per cent of the normal values. The mean blood pressure is 
also much reduced. There is evidence which suggests that vasodilata¬ 
tion in the muscles may be a factor in the terminal stages of shock. 
The circulatory failure involves both the peripheral vascular apparatus 
and the heart. Accompanying the changes in circulatory dynamics in 
shock, there are other physiological and metabolic derangements. Pul¬ 
monary ventilation is increased, oxygen consumption is decreased, the 
arteriovenous oxygen difference is markedly increased, severe acidosis 
develops, and a condition of stagnant anoxia prevails. Urine secretion 
is slight or absent, and the nonprotein nitrogen of the blood increases. 
I he hemodynamics of shock are analyzed in a review by Wiggers 
(1947). 

Although a reduction in blood volume is the primary factor in the 
cause of shock, there is evidence that blood volume reduction is not the 
only cause of death in traumatic shock. The mortality rate in animals 
suffering from traumatic shock is several times higher than that in 
animals showing shock from simple hemorrhage (Grcgersen and co¬ 
workers). Additional factors are evidently concerned, but researches 
have not revealed what they are. Following are possibilities: toxic fac¬ 
tors, afferent nervous factors, and infection. In respect to the last sug¬ 
gestion, it has been shown in recent studies that clostridia, present in 
the normal tissues of dogs, may under some experimental conditions 
cause toxemia. During periods of circulatory insufficiency bacteria 
normally present in the alimentary tract may enter the blood stream. 
It has been suggested that the circulatory failure of infectious diseases 
may be caused or aggravated by bacterial toxemia. 

Experimental shock produced by trauma and hemorrhage resembles 
clinical shock seen after these conditions. 

In the treatment of shock the restoration of blood volume is of 
first importance, and the use of blood or of plasma expanders (p. 64) 
has been much studied. To be effective these must be given before the 
onset of the irreversible circulatory failure. Pressor substances and 
heart stimulants have been found of doubtful value or ineffective. 
Cooling of traumatized parts affords protection against shock. In¬ 
fusions of sodium bicarbonate have been found helpful in counteracting 
the acidosis which is apparently a factor in the onset of irreversible 
shock. Recent work by Zweifach emphasizes that successful therapy 
in hemorrhagic shock must restore the efficiency of the capillary circu¬ 
lation. The evidence suggests that pitressin (in subpressor amounts) 
accelerates recovery in the terminal vascular bed. 
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U NDER the subject of the vasomotor mechanisms may be included 
all influences, both nervous and chemical, that produce changes 
in the caliber of the blood vessels. The functions of the vasomotor 
mechanisms are (1) so to regulate the size of the blood vessels (and 
thus the resistance to blood flow and the capacity of the vascular sys¬ 
tem) that arterial pressure is maintained sufficiently high to ensure an 
adequate supply of blood to all capillaries, especially those in regions 
of paramount importance like the brain and heart; and (2) to make 
such alterations in the distribution of the blood as may be demanded 
by the varying activities of individual organs. 

The vasomotor mechanisms will be treated from the standpoint of 
(1) the control of the arterioles, (2) the control of the capillaries, and 
(3) the control of the veins. 

The nervous control of the blood vessels is the subject of a com¬ 
prehensive review by McDowall. The earlier monograph by Bayliss is 
a classical contribution. 

METHODS OF DETECTING VASOMOTOR ACTION 

An important method of detecting vasomotor action is to determine 
the changes in volume undergone by the organ being studied. An in¬ 
crease in volume usually means vasodilatation in the organ, whereas 
a decrease usually indicates vasoconstriction. Such is not always the 
case, for changes in the volume of an organ may be merely passive 
owing to alterations of general arterial pressure. Therefore careful con¬ 
trol is necessary before such results can be interpreted fully. 

Studies of volume changes in organs are usually made with a 
plethysmograph. This is essentially a rigid chamber for inclosing the 
organ without disturbing its blood supply. The interior of the plethvs- 
mograph communicates through rubber tubing with a recorder Most 
plethysmographs use air transmission. Any increase in the volume of 
the inclosed organ displaces some air from the plethysmograph into the 
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recording system, and the recording lever rises, whereas a decrease 
in volume causes air to flow from the recording system into the plethys- 
mograph and the lever falls. In this way a graphic record of volume 
changes can he obtained. Optical records, instead of mechanical rec¬ 
ords, of the volume changes may be made. Electrical detection of the 
volume changes may also be used. Special kinds of plethysrnographs 
have been devised for the various organs. 

Color changes, where they can be detected, temperature changes, 
and the rate of venous flow from organs are other means of determin¬ 
ing vasomotor action. If cardiac output remains constant and vaso¬ 
motor changes arc excluded in other organs, arterial flow, as measured, 
for example, by the thermostromuhr (p. 105), may be used to signal 
vasomotor action. 

NERVOUS CONTROL OF THE ARTERIOLES 

The existence of nerves controlling the arterioles has long been 
recognized. They arc the classical vasomotor nerves. They could be 
designated as arteriomotor nerves. 

Vasoconstrictor Nerves. The vasomotor nerves are two kinds, 
vasoconstrictors and vasodilators. A vasoconstrictor nerve is one which, 
when stimulated, causes constriction of the arterioles in the part sup¬ 
plied. The following experiment may be cited as illustrative of vaso¬ 
constriction. 

If the cervical sympathetic nerve in the rabbit is divided, there 
occurs in a short time a homolateral dilatation of the arteries in the 
region of the head. This is especially noticeable in the arteries of the 
ear. These vessels are now widely dilated, the car lias a flushed appear¬ 
ance, and its temperature is elevated. If the cephalic end of the cut 
nerve is stimulated, the arteries contract again, and the ear becomes 
pale and cold. Similar events occur in the submaxillary gland when 
the cervical sympathetic nerve is cut and its cephalic end stimulated. 
Evidently *his nerve supplies constrictor fibers to the arterioles of 
certain parts of the head. When the nerve is transected, the constrictor 
influence is removed, the arterioles dilate, and the blood flow through 
the part is increased. When the nerve is stimulated, the arterioles con¬ 
tract, and the blood flow is decreased. Another conclusion that may be 
drawn from this experiment is that the vasoconstrictor nerves and the 
arterioles which they supply are normally in a state of tonus. The 
tonus of the arterioles is diminished or abolished when the nerves are 
cut: hence the vasodilatation. Tonus of the arterioles refers to a con- 
dition whereby their muscular coat is kept in a state of partial contrac¬ 
tion, which is of varying intensity and is due largely to the continuous 
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passage of nerve impulses to them by way of the vasoconstrictor nerves. 
It is well known, however, that tonus of the blood vessels may be due 
to humoral stimuli as well as nervous, for tonus that has been abolished 
by section of a vasoconstrictor nerve will reappear after a time, as 
indicated by a return of the blood pressure to normal. In fact, after 
removal of the entire sympathetic chain—and hence the abolition of 
practically all the constrictor pathways—the blood pressure will re¬ 
turn to normal. It is believed that increased “capillary” (p. 156) tonus 
is a factor in the restoration of the blood pressure. Possible humoral 
agents concerned in the restoration of vascular tone are adrenaline and 
angiotonin. Also the inherent ability of smooth muscle to contract when 

stretched (in this case by the pulse pressure) must be taken into 
account. 


The vasodilatation following cutting of the cervical sympathetic and 
the vasoconstriction following stimulation of its cephalic end, in the 
experiment just mentioned, do not involve a sufficiently large area of 
the total peripheral resistance to cause any general alteration in ar¬ 
terial pressure. To show the influence of the vasoconstrictor nerves 


on general blood pressure, the splanchnic nerves may be cut on both 
sides. These nerves supply vasoconstrictor fibers to the abdominal and 
pelvic viscera (splanchnic area), and when they are cut there is a 
marked fall in the mean arterial pressure throughout the body. This is 
due to a decreased peripheral resistance (especially in the arterioles) 
and to an increased capacity of the circulation (especially in the capil¬ 
laries). If a splanchnic nerve is now stimulated, the blood pressure 
returns to normal or above and remains high as long as the stimulus 
is maintained (Fig. 70). At the same time the volume of the viscera, 
which has increased because of cutting the nerves, returns to normal or 
even less than normal. From this experiment it may be concluded that 
the vasoconstrictor nerves play a predominant part, particularly in the 
splanchnic area, in the maintenance of general arterial pressure. 

Origin and Distribution of the Vasoconstrictor Nerve Fibers. 
It has been shown that most of the vasoconstrictor fibers emanate 
from the central nervous system as preganglionic fibers in the white 
rami communicantes of the sympathetic system. The white rami leave 
the ventral roots of the spinal nerves at every spinal segment from the 
first thoracic to the fourth lumbar, inclusive (in the dog). Every white 
ramus contains preganglionic vasoconstrictor fibers, which upon enter¬ 
ing the neighboring sympathetic chain pass up or down, depending 
on their destination. Each fiber finally terminates synapticallv around 
a nerve cell in a lateral (vertebral) sympathetic ganglion, or leaves 
the sympathetic chain and terminates in a similar way in a collateral 
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(prevertebral) sympathetic ganglion. From the ganglionic nerve cell a 
postganglionic fiber arises and passes to its destination. 

The preganglionic vasoconstrictor fibers for the forelimbs are given 
off from the fourth to ninth thoracic ventral roots; those for the hind 
limbs, from the eleventh thoracic to the third lumbar, inclusive. The 
synaptic junctions of the forelimb fibers are situated in the stellate 
ganglion; those of the hind-limb fibers, in the last two lumbar and 
first sacral sympathetic ganglia. 

The preganglionic vasoconstrictor fibers to the head and neck arise 
from the first to fourth thoracic ventral roots and pass up the cervical 
sympathetic nerve as preganglionic fibers to the anterior cervical 



Fio. 70.—Effect of ntimulation of the peripheral end of a splanchnic nerve on 
blood pressure (pig). The signal (s) indicates the duration of the stimulus. 


ganglion, where they terminate. From nerve cells in this ganglion post¬ 
ganglionic fibers arise and run to their destination via the outer coat 
of the blood vessels. 

The preganglionic vasoconstrictor fibers to the abdominal and pelvic 
viscera arise from the third thoracic to the third lumbar ventral roots 
and enter the neighboring sympathetic chain. The thoracic fibers leave 
it by the greater splanchnic nerves, the lumbar fibers by the lesser 
splanchnics. They make synaptic junction in the prevertebral sym¬ 
pathetic ganglia (celiac, anterior mesenteric, posterior mesenteric), 
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from which postganglionic fibers arise and pass along the blood ves¬ 
sels to the anterioles of the abdominal and pelvic viscera. 

The existence of vasoconstrictor nerves to the lungs was for a 
long time questioned. It is now generally agreed that the lungs receive 
vasoconstrictor fibers, the main evidence being based on the fact that 
adrenaline undoubtedly constricts the arteries of the lungs. It is usually 
believed, however, that the vasoconstrictor mechanism in the lungs is 
not highly developed (Dixon and Hoyle, Wiggers). The fibers arise 
mainly from the third, fourth, and fifth thoracic ventral roots. The 
vasomotor nerves to the lungs are believed to be concerned more with 
the regulation of the capacity of the pulmonary vascular bed than with 
the regulation of pulmonary peripheral resistance. 

For the vasomotor supply of the coronary arteries, see p. 123. 

The cerebral circulation is dependent mainly upon general blood 
pressure. However, modern work (Wolff; Cobb and Lennox) shows 
unmistakably that the cerebral blood vessels receive both vasoconstric¬ 
tor and vasodilator fibers and that these play a part in regulating 
cerebral blood flow. 

Vasoconstrictor nerves to skeletal muscles have been demonstrated. 

Vasodilator Nerves. A vasodilator nerve is one whose stimulation 
causes dilatation of the arterioles in the part supplied, owing to re¬ 
laxation of their muscular coats. It is probable that chemical sub¬ 
stances released at the nerve terminations cause a decerease in the 
tonus of the arterioles. The following experiment on the submaxillary 
gland may be cited as an example of vasodilatation. When the chorda 
tympani nerve is cut, nothing in particular happens; but when the end 
in connection with the submaxillary gland is stimulated, vasodilatation 
occurs, which may be so pronounced that the venous blood leaving the 
gland has an arterial color and may pulsate. The general blood pressure 
remains unaffected. From this experiment it may be concluded (1) that 
the chorda tympani contains fibers whose function is to dilate the 
arterioles of the submaxillary gland, thus increasing the volume of 
blood flowing through it, and (2) that these fibers are not in a state 
of tonus, because when they are transected no constriction of the ves¬ 
sels takes place, that is, no tonic dilator influence has been removed. 

(However, dorsal root vasodilator nerve fibers are probably tonically 
active.) 

Origin and Distribution of the Vasodilator Nerves. The arrange¬ 
ment of the vasodilator nerve fibers is different from that of the vaso¬ 
constrictors. Irregularity characterizes the arrangement of the former, 
whereas much more uniformity characterizes the arrangement of the 
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latter. In general, as regards their anatomical arrangement vasodilator 
libers can be grouped under three headings: (1) those distributed 
through cranial and sacral autonomic nerves; (2) those that leave the 
central nervous system in the dorsal roots of the spinal nerves; and 
(3) those that run in the sympathetic system. 

1. 1 he best example of a cranial autonomic vasodilator nerve is the 
chorda tympani, stimulation of which, as has been stated, causes dilata¬ 
tion ol the arterioles in the submaxillary gland. Vasodilator fibers are 
also found in the nerves supplying the other salivary glands and pos¬ 
sibly the tongue and certain other head structures. Similar fibers are 
given oft from the spinal cord in the ventral roots of the second and 
third sacral nerves. They run in the pelvic autonomic nerves (nervi 
erigentes) to the blood vessels of the external genital organs. Stimula¬ 
tion of these fibers causes vasodilatation in these organs, and in the 
male the vascular engorgement of the penis results in erection. In all 


instances where vasodilator fibers have cranial or sacral autonomic 
distribution, their peripheral synaptic junctions are believed to be 
located close to or within the organ supplied. 

2. \ asodilator fibers in the dorsal roots of some of the spinal nerves 
have been demonstrated by Bayliss and others. When the dorsal roots 
of the limb plexuses arc stimulated, vasodilatation, mainly in the skin 
but to some extent in the muscles of the limbs, is obtained. The same 
thing happens when the mixed nerves to these parts are stimulated. 
The fibers that bring about this result are believed to be identical with 
the ordinary sensory fibers of the limbs. One of the fundamental con¬ 
ceptions regarding the conduction of the nerve impulse is that it is in 
one direction only. Vasodilatation brought about by afferent nerves 
would, if it actually occurs under normal conditions, constitute an im¬ 
portant exception to the general rule. A possible explanation of this 
peculiarity (Bayliss) is that the dorsal root fibers divide near their 


peripheral ends, one branch ending in a receptor in the skin or muscle 
and the other in the wall of a nearby arteriole. Therefore an impulse 
traveling along the fiber in the direction opposite to the usual would 
cause vasodilatation only. Such an impulse, because of its direction of 
travel, is said to be antidromic. 

Of interest at this time is the fact that the application of an irritant 
to the skin causes vasodilatation, which is abolished when the cutaneous 
receptors are paralyzed by a local anesthetic. That this effect is not 
due to a true reflex is indicated by the observation that it still takes 
place when the nerves have been completely separated from the spinal 
cord. That a sensory nerve fiber and a branch from this fiber to the 
blood vessel are involved in this reaction is indicated by the fact that 
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when the nerve fibers are caused to degenerate (by separating them 
from their cells of origin in the dorsal root ganglia), vasodilatation 
does not occur when the irritant is applied to the skin (Bruce). The 
accompanying diagram (Fig. 71) shows a nervous arrangement that 
could be involved in this “axon reflex.” 

To what extent normal vasodilatation in the skin and muscles may 
be brought about by antidromic impulses and to what extent they may 
be brought about by a peripheral mechanism such as that just de¬ 
scribed cannot be stated at present. It is probable that both mecha¬ 
nisms can operate under normal conditions. Assuming that reflex 



Fjo. 71. — Diagram illustrating how local vasodilatation could be brought about as 
a result of the application of an irritant to the skin. S, skin; B.V., blood vessel; 
N.F., afferent (sensory) nerve fiber, part of which supplies the skin and part a 
blood vessel. The arrows indicate the direction of passage of the nerve impulse 
when the skin is irritated. 

antidromic vasodilatation is a normal occurrence, it is not clear how 
the afferent fibers are stimulated to conduct nerve impulses in the 
opposite direction. A suggestion is that nerve fibers leave the spinal 
cord by the dorsal roots and make synaptic junction with nerve cells 
of the dorsal root ganglia. Experimental evidence indicates that the 
dorsal root vasodilator fibers are cholinergic (Bach). 

3. Although Bayliss was of the opinion that practically all experi¬ 
ments showing vasodilatation upon stimulation of sympathetic nerves 
could be explained by the action of metabolites or by antidromic 
effects, more recent work points to the presence <>f true vasodilator 
Fibers in the sympathetic system. The subject of sympathetic vaso¬ 
dilator fibers has been reviewed by Burn. The dog and hare—animals 
resistant to fatigue—have many sympathetic vasodilator fibers to the 
muscles. They are cholinergic, at least in the dog. The rabbit and 
monkey have none. The cat has cholinergic sympathetic vasodilator 
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fibers to the muscles, and they can be activated by electrical stimula¬ 
tion of an area in the hypothalamus (Folkow and Gernandt). The dog 
has some sympathetic vasodilator fibers to the intestine. They are 
believed to be adrenergic. The coronary arteries receive sympathetic 
vasodilator fibers. They are adrenergic (p. 123). Sympathetic vasodila¬ 
tor fibers to the skin have been demonstrated, but they are less im¬ 
portant than sympathetic vasoconstrictor fibers to the skin. 

Vasomotor Centers. It has already been stated that most vaso¬ 
constrictor fibers leave the spinal cord in a definite region—the out¬ 
flow that forms the sympathetic system; whereas the vasodilator fibers 
are more irregular in origin. The question now to be discussed deals 
with the central origins of the vasoconstrictor and vasodilator paths, 
the vasomotor centers. 

Vasoconstrictor Center. Section of the brain-stem above the middle 
of the pons is usually without effect on blood pressure, except perhaps 
in birds (pigeons—Rogers), whereas successive slicings beginning at 
the middle of the pons and continued downward cause a progressive 
drop in pressure until the upper part of the spinal cord is reached. 
Thence further slicing is without effect. This experiment is interpreted 
to mean that there is a vasoconstrictor center, with upper and lower 
limits approximately as indicated, and that the center constantly 
sends tonic constrictor impulses to the arterioles. Ranson states that 
the center is “located in the medulla oblongata at about the level of the 
motor nucleus of the facial nerve.” Other evidence places the center in 
or near the vestibular nuclei. It is a bilateral center. The vasomotor 
paths descend in the lateral funiculus of the spinal cord. 

The tonus of the vasoconstrictor center (and therefore of the pe¬ 
ripheral arterioles) is due to at least two sets of influences: (1) the 
action of the blood gases, mainly the carbon dioxide, and also perhaps 
the increased hydrogen ion concentration that an increased amount of 
carbon dioxide induces; and (2) the continuous stimulation of the 
center by afferent impulses. The cause of the tonus of the center is thus 
in part humoral and in part reflex. Both of these factors are subject 
to variation. By virtue of this tonus the center sends never-ending 
though variable trains of impulses to the arterioles, maintaining them 
in a state of partial contraction. 

Subsidiary vasoconstrictor centers exist in the spinal cord. These 
are normally under the influence of the vasoconstrictor center in the 
medulla. That this is tme is indicated by the fact that section of the 
cord in the cervical region results in a sudden and distinct fall of 
blood pressure; the blood vessels are thus cut off from the medullary 
center and therefore dilate. However, after some time the blood pres- 
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sure rises. The principal reason for this is the acquisition of tonic 
activity by the spinal centers. If the splanchnic nerves are now tran¬ 
sected the blood pressure falls again. This fall is partially recovered 
from because of the development of a peripheral vascular tonus. 

Vasodilator Center . Stimulation of the aortic nerve causes a fall 
of blood pressure not only by decreasing the tone of the vasoconstric¬ 
tor center but also by causing active vasodilatation in widely separated 
parts of the body. Such diffuse dilatation can best be explained by 
assuming the existence of a supreme vasodilator center, the activity 
of which is increased by the stimulation. 

The vasodilator center, like the vasoconstrictor, is activated by 
afferent nerve impulses and also probably by changes in the composi¬ 
tion of the blood. The vasodilator center is involved in the general 
vasodilator reflexes, that is, those vasodilator reflexes that cause a fall 
in blood pressure. There is an accompanying reciprocal inhibition of 
the vasoconstrictor center. Some vasodilator reflexes are local, the 
resulting vasodilatation occurring only in the region from which the 
stimulus arises. In these cases there is no fall of general blood pressure. 
General vasodilator reflexes probably involve the dorsal root vaso¬ 
dilator fibers. 

Vasomotor Reflexes. It was stated above that the vasomotor cen¬ 
ters are susceptible to reflex control. This is one of the important ways 
of varying their activity. 

Pressor Reflexes. Most afferent nerves contain fibers whose stimula¬ 
tion causes a reflex rise in blood pressure. Such fibers are designated as 
pressor fibers, and the rise in arterial pressure that their stimulation 
brings about (Fig. 72) is called a pressor reflex. Pressor fibers are more 
susceptible to strong stimulation than to weak. These pressor reflexes 
probably involve not only the vasoconstrictor center but the vaso¬ 
dilator as well, the tonus of the one being increased and of the other 
decreased. 

Nerve impulses which give rise to pressor reflexes ascend the spinal 
cord in the dorsolateral fasciculus (Fig. 177, p. 743). Pressor fibers may 
be identical with certain types of pain fibers. 

Depressor Reflexes. Under certain conditions of stimulation of the 
central end of an ordinary nerve, a reflex fall in arterial pressure may 
be obtained (Fig. 73). Such a reflex is designated as a depressor reflex 
Some of the conditions are (1) weak stimulation of the nerve; (2) 
stimulation of the nerve cooled to 4 or 5°C.; (3) mechanical stimula¬ 
tion of afferent nerves in muscles. It may be concluded, therefore, that 
depressor fibers are contained in many of the nerves of the body They 
connect with interneurons in the spinal cord which reach the medulla 
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L'he depressor reflexes are due to inhibition ,of the vasoconstrictor 
center and stimulation of the vasodilator center. 

A depressor nerve of great importance is the aortic nerve (p. 137). 
This nerve is composed chiefly of afferent fibers with terminations in 
the wall of the aoita. It runs to the medulla oblongata as a separate 
nerve in the rabbit and opossum but is incorporated with the vagus in 



Fig. 72.— Effect of stimulation of central end of vagus nerve on Mood pressure— 
pressor reflex (pig ). I lie signal (s) indicates the duration of the stimulus. 


most animals. Stimulation of its central end usually causes a fall in 
blood pressure (Fig. 74) due to reflex vasodilatation in all parts of the 
body supplied with vasomotor nerves. Reflex slowing of the heart also 
occurs. It has been shown that this depressor reflex is due to an in¬ 
hibition of the vasoconstrictor center and a stimulation of the vaso¬ 
dilator center. The aortic nerve protects the heart against too high a 
rise of arterial pressure. At every beat of the heart the blood pressure 
rises, and pressure receptors (baroceptors) in the aorta lire mechani¬ 
cally stimulated as a result of the stretching of its wall; whereupon 
impulses pass to the chief vasoconstrictor and vasodilator centers in 
the medulla, inhibiting the one and stimulating the other. In this wav 
the peripheral resistance and the aortic blood pressure are co-ordinated. 
In close functional relation with the aortic nerve are afferent nerve 
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I jg. 73.—Efleet of 
pi es-ure—dopres5t>r 


weak -I imulal ion o| eenfral end of sciatic nerve on blood 
reflex (clog), i—i indicates the duration of the stimulus. 


fibers with ieceptors in the carotid sinus. these fibers lorin the sinus 
ner\e (p. 138). Stimulation of pressure receptors in the wall of the 
taiotid sinus causes a reflex fall of blood pressure through the vaso¬ 
motor, centers. Cardiac slowing also often occurs. The mechanism is 
tonic in action, and the number of nerve impulses passing from the 
ieceptors in the sinus to the central nervous system depends upon the 
mtrasinusal pressure (Fig. 7 . 5 ). 

Other Effects on the Vasomotor Centers. There is a great deal 
oi e\idencc that the hypothalamus can influence the activity of the 
heart and blood vessels (Bronk, 1940). However, the hypothalamus is 
not essential to cardiovascular regulation. Centers in the medulla suf- 
i<e his is indicated by the fact that cardiovascular regulation is 
satisfactory in the decerebrate animal. The hypothalamus exerts its 
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Fio. 74.—Effect of stimulation of tlie central end of the aortic nerve on blood 
pressure (rabbit). The signal (s) indicates the time and duration of the stimulus. 

effect on the cardiovascular apparatus through the medullary centers. 
Hypothalamic control of the cardiovascular centers in the medulla is 
probably concerned primarily with heat regulation and emotional 
states. 

The vasomotor mechanisms may be brought under the control of 
the cerebral cortex. Electrical stimulation of the motor and premotor 
areas of the cerebral cortex brings about vasomotor changes in various 
parts of the body. It is suggested that in this way the increased blood 
supply to muscles brought into action by the cerebral cortex may be 
anticipated (Green and Hoff). 

Stimuli from the skin (heat, cold, pain) may cause vasomotor 
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Fig. 75.—Curves of the pressure pulse and (under them) records 
of afferent impulses from a single pressure receptor in the carotid 
sinus. Note the increased frequency of discharge in B. This was 
caused by an injection of adrenaline which elevated the mean 
arterial pressure from 55 mm. Hg in A to 135 mm. in B. Time, 
1/5 sec. (Bronk and Stella; from Bronk, Research Publications of 

the Association for Research in Nervous and Mental Disease 
1940,20.) 


changes. Heat usually causes a depressor effect, cold a pressor. Mild 

pain may cause the blood pressure to rise or fall. Severe pain causes 
a fall. 


Chemoreceptors (chemoceptors) in the aortic and carotid bodies 

(p. 139) are of some importance in the regulation of the vasomotor 

and cardio-inhibitory centers. The following factors have been shown 

o be stimuli for the chemoreceptors and thus to increase the activity 

of the vasomotor and cardio-inhibitory centers (Schmidt and Comroe): 

anoxemia, carbon dioxide excess, and a decrease of pH. The chemo- 

receptors are responsible for the hypertension that occurs in anoxia, 

ut there is little evidence that they are essential to the normal regula- 

ion of blood pressure. The chemoreceptors in relation to respiration 
are discussed elsewhere (p. 280). * 
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Receptors in the mesentery (Pacinian corpuscles) discharge nerve 
impulses that arc probably concerned in the reflex regulation of the 
circulation. T he impulses were detected by electrical means in the 
splanchnic and mesenteric nerves. The effective stimulus to the recep¬ 
tors appears to be distention of the mesenteric blood vessels (Gam¬ 
mon and Bronk). 


CHEMICAL CONTROL OF THE ARTERIOLES 

\\ hat was said above about the control of the arterioles referred to 
their control through the vasomotor (arteriomotor) nerves. Probably in 
most instances the nerves are excited reflexly by mechanical or thermal 
stimulation of receptors. In some instances, however, the nerves are 
excited reflexly by the action of chemical substances on ehemore- 
ceptors and in other instances by the action of chemical substances on 
the vasomotor centers themselves. 

It now remains to consider briefly the action of chemical sub¬ 
stances on the arterioles themselves. 

Metabolites. This term refers to products formed during metabo¬ 
lism. Experimental evidence shows that at least two of these, lactic 
acid and carbon dioxide, arc vasodilators. By reason of this action 
they help to bring about an increased blood supply to an organ during 
its functional activitv. Vasodilatation bv metabolites is doubtless sup- 
plementcd by reflex vasodilatation. According to Bayliss the acid 
products of metabolism are vasodilators by virtue of the hydrogen 
ions to which they give rise. Alkalis produce the opposite efliect; they 
are vasoconstrictors. 

Adrenaline. This is a hormone produced by the medulla of the 
adrenal glands. Its action is that of a stimulant to adrenergic nerve 
endings; hence it is in most locations a vasoconstrictor substance, w 
others a vasodilator. It is very active, one part in 2f>0 million causing 
vasoconstriction. Smaller doses may cause vasodilatation. Present evi¬ 
dence indicates that noradrenaline is the principal adrenergic nerve 
mediator. 

Pituitary Hormone. A hormone of the posterior lobe of the pituitary 
fpitressin, vasopressin) stimulates the musculature in the walls of the 
blood vessels. This is another example of a vasoconstrictor substance 
produced by an endocrine organ. 

Other Substances. Histamine is a decarboxylation product of the 
amino acid histidine. It is widely present in an inactive form in the 
animal body. Histamine has a powerful vasodilator effect. It has been 
suggested that it may be released from damaged tissue in traumatic 
shock. 
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Adenylic acid occurs in the body as a component of adenosine tri¬ 
phosphate. Injected intravenously adenylic acid has a vasodilator and 
cardio-inhibitory effect. The suggestion has been made that following 
tissue damage it enters the blood stream in amounts large enough to 
cause a fall of blood pressure. 

Angiotonin is a factor in experimental hypertension and it may be 
concerned in essential hypertension in man (p. 185). To what extent, 
if at all, it participates in the regulation of normal arteriolar tone is 
unknown. 


CONTROL OF THE CAPILLARIES 

The real stopcocks of the circulation are the arterioles, which have 
an abundance of smooth muscle in their walls. Their action in the 
regulation of blood pressure and flow has just been considered. Vaso¬ 
motor control of capillaries appears to be limited to those precapillary 
structures known as metarterioles and precapillary sphincters (p. 150). 
These vessels have muscle tissue in their walls and they undergo 
periodic changes in caliber. This motor activity has been termed vaso¬ 
motion (Chambers and Zweifach). Vasomotion serves to restrict blood 
flow to the thoroughfare channels (p. 156) or to permit it to occur 
more freely through the capillary bed. Vasomotion is under nervous 
and chemical regulation. It increases with sympathetic stimulation, 
intravenous administration of adrenaline and angiotonin, and acute 
hemorrhage. Decreased vasomotion occurs during increased tissue 
activity, following prolonged anoxia, with direct trauma, and under 
other circumstances. 

The trend of modern opinion seems to be that true capillaries do 
not undergo active changes in caliber. Such alterations in size as they 
show arc dependent on the blood flow through them. 

CONTROL OF VEINS 

It has been shown by a number of workers that veins receive sym¬ 
pathetic innervation, this conclusion being based mainly on the fact 
that adrenaline constricts many veins (Franklin). The branches of 
the portal vein in the liver really act as arterioles, and they receive 
vasoconstrictor fibers from the splanchnic nerves. The veins of the 
hind limb, in the cat and dog, receive sympathetic vasoconstrictor 
fibers that leave the spinal cord in the ventral roots of the second to 
the fourth lumbar nerves. Experimental work indicates that these 
venonxotor fibers are of assistance in maintaining venous tonus, which, 
it might be supposed, is useful in limiting the venous bed and facilitat¬ 
ing the return of blood to the heart. 
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SOME VASOMOTOR RESPONSES IN FARM ANIMALS 

Very little work lias been done on vasomotor action in farm ani¬ 
mals. Dukes and Schwarte reported some acute experiments in the pig. 
Ligation of both carotid arteries caused little or no effect on blood 
pressure. Asphyxia caused the blood pressure to rise sharply. Stimula¬ 
tion of the central end of the vagus nerve caused a rise of blood pres¬ 
sure more often than a fall. Negative effects were more common with 
the left nerve. No experimental evidence of the existence of a separate 
aortic nerve was found. In the pig the cervical sympathetic nerve on 
both sides is separate from the vagus. Stimulation of the central end 
of the sciatic nerve usually gave a pressor effect, although negative 
results were not uncommon; a fall of blood pressure was seldom ob¬ 
tained. Stimulation of the peripheral end of the splanchnic nerve caused 
a rise of blood pressure, in some instances as great as 100 per cent. 
Stimulation of the central end of the splanchnic nerve also caused a 
rise of blood pressure. As judged by the fall in blood pressure following 
spinal transection, the vasoconstrictor center of the pig possesses ap¬ 
preciable tone. 

Some observations on vasomotor responses in sheep have been made 
by Rangsit. The usual effect on blood pressure of stimulation of the 
central end of the vagus nerve was a rise. Stimulation of the peripheral 
end of the splanchnic nerve caused a distinct rise of blood pressure. The 
primary effect of histamine on blood pressure was to cause a fall. In 
some instances the fall was followed by a rise. 

In Eqvidae (horse, mule) clamping the left carotid artery causes 
the blood pressure to rise, and unclamping it causes the blood pres¬ 
sure to return to its formei level. Stimulation of the carotid (sinus) 
nerve lowers blood pressure, slows the heart, and increases the rate 
and depth of respiration. Injection of atropine prevents the cardiac 
inhibition and thus diminishes the fall in blood pressure, but the 
respiratory response is unaffected. Adrenaline raises the blood pres¬ 
sure but causes the respiratory rate or depth (or both) to increase 
(Amoroso and co-workers). 
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PART III 


Respiration 




Chapter VIII 


MECHANICS OF RESPIRATION 


R ESPIRATION is tlie gaseous exchange between an organism and 
- its environment. All the energy displayed by the animal body 
comes in the long run from the oxidation of complex carbon-containing 
molecules, and one of the end products of this oxidation is carbon 
dioxide, therefore a constant supply of oxygen and the elimination of 
carbon dioxide are necessary for all animal existence. In the simplest 
forms of life respiration takes place directly between the organism 
and its environment, whereas in the higher animals a system of respira¬ 
tory organs is present, the purpose of which is to bring the air or 
oxygen-containing water into relationship with the circulating blood, 
by which the oxygen is transported to the tissues and the carbon dioxide 
carried to the lungs or gills for elimination. In higher animals external 
respiration and internal or tissue respiration are therefore differenti¬ 
ated. By the former is meant the gaseous exchange between the en¬ 
vironment and the blood in the pulmonary capillaries; by the latter, 
the gaseous exchange between the blood in the systemic capillaries and 
the tissues as well as the complicated processes of the physiological 
oxidations in the cells. In each type of respiration oxygen is absorbed 
and carbon dioxide is given off. A study of respiration must therefore 
account for the means whereby oxygen is supplied to and utilized by 
the organism and carbon dioxide is removed from it. 

RESPIRATORY APPARATUS 

The mammalian respiratory apparatus consists of the lungs and the 
air passages leading to them, the thorax and the pleural sacs contained 
therein, the muscles which increase or decrease the size of the thorax 
and the afferent and efferent nerves connected with these structures 

and bronchi ^ Cavity ' pharynx ’ lar Vnx, trachea, 

nd bronchi. All of these are well constructed to serve the purpose of 

cavityTmoir m Thc mUCOUS membrane of the nasal 

ity is moist and highly vascular, and contains numerous glands 

thus serving to add warmth and moisture to the inspired air The 
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pharynx is a common passageway for tlie respiratory and digestive 
tubes. The larynx is a musculocartilaginous valvular structure serving 
as the principal organ of phonation and under some circumstances as 
a regulator of the amount of air entering or leaving the lungs. The 
vocal cord and the arytenoid cartilage on each side form the boundary 
of the glottis, which may be so tightly closed by apposition of these 
structures as completely to block the respiratory passage. The trachea 
is kept always open by the presence of incomplete rings of cartilage in 
it3 wall. Its mucous membrane has numerous mucous glands, and the 
epithelium is ciliated. The secretion of the glands and the cilia help to 
prevent the entrance of dust and other foreign matter into the lungs. 
The bronchi are similar in structure and function to the trachea. 


The lungs may be regarded as two elastic membranous sacs whose 
interior, in free communication with the outside air through the 
respiratory passages, is highly modified and enlarged by the presence 
of numerous alveoli. These are hemispherical outpouchings from the 
alveolar sacs. The latter communicate by way of their respective atria 
with an alveolar duct. The alveolar ducts are direct branches of the 


respiratory bronchioles; they possess a small amount of muscle in 
their walls. The respiratory bronchioles are fine divisions formed by a 
complex branching and rebranching of the two main bronchi after 
they enter the lungs. Their walls contain no cartilage, but muscular 
tissue is present. Large bronchioles, however, possess both cartilage 
and muscle. The bronchiolar musculature is regulated by broncho- 
constrictor and bronchodilator nerve fibers. Experiments show that 
both kinds of fibers reach the bronchioles by the vagi and by the 
sympathetic nerves. These fibers are the efferent pathways for a 
variety of reflexes acting on the bronchioles. 

The wall of an alveolus is composed of a single layer of respiratory 
epithelium. 1 Across this layer of cells and the endothelium of the capil¬ 
laries gaseous exchange between the air in the alveoli and the blood 
in the numerous adjacent capillaries takes place. The delicate layer 
of connective tissue supporting the alveoli and capillaries is fenestrated 
and therefore does not constitute an additional membrane across which 


diffusion has to take place. 

The respiratory bronchioles, alveolar ducts, and atria also possess 
outpouchings similar to the alveoli just described. These therefore 
contribute additional surface for gaseous exchange. The total nuin 
ber of alveoli in the lungs of man has been estimated to be some 


1 Somr histologists doubt the oxlatenre of a rontlnuoua 
alveoli. In fact, some worker* question whother there I* any 


respiratory epithelium llnlnfc 
auch respiratory epithelium at a 
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725,000,000, and the surface they present about 200 square meters, 1 
or 100 to 130 times the surface area of the body (lieichert). The 
surface presented by the capillaries of the lungs is estimated to be 
about 90 square meters. 

The lungs are actually much smaller than the thoracic cavity which 
they occupy. They are, however, expanded by the pressure of the at¬ 
mosphere on their interior so that at all times they completely fill all 
parts of the chest not otherwise occupied. 

The thoracic cavity is the body cavity that contains the lungs and 
mediastinal organs. This cavity has no communication with the out¬ 
side and is completely separated from the abdominal cavity by the 
diaphragm. During life the size of the thorax, and therefore the size 


of the distended and elastic lungs, is constantly undergoing variations 
brought about by the action of the respiratory muscles. 

The pleurae are two serous membranes inclosing, on each side, a 
pleural cavity. They line the thoracic cavity, form the lateral walls of 
the medastinum, and arc reflected therefrom on the lungs. The cavity 
is merely a capillary space between the parietal and visceral parts of 
the pleura. It is occupied by a thin film of fluid, which serves to moisten 
and lubricate the two pleural layers. In certain pathological conditions 
(pleurisy, hydrothorax) the amount of fluid may be increased and the 
degree of expansion of the lungs therefore correspondingly decreased. 
The pressure in the pleural cavities is negative. Therefore when a 
pleural cavity is opened, either through the thoracic wall or the lung, 
air rushes in and the lung collapses. 


MECHANISM OF INSPIRATION 

Inspiration means an enlargement of the thorax and lungs and 
the accompanying inflow of air. Since the lungs accurately follow all 
changes in the size of the thorax, any force that increases the size 
of the thorax must also produce an inspiration. There are two ways of 
enlarging the thorax and producing an inspiration, namely, by a con¬ 
traction of the diaphragm and by a forward and outward movement 
of the ribs. 2 


Contraction of the Diaphragm. The diaphragm, the principal mus¬ 
cle of inspiration, is dome-shaped; the thoracic surface is convex, the 
abdominal surface concave. Its rim is muscular, its center tendinous, 
its lumbar part muscular. It is attached to certain ribs, the first four or 
five lumbar vertebrae, and the xiphoid cartilage. Contraction of the 


‘Other estimate* *re 90 and 140 square meter*. The hodv 
average size I* about 1.05 square metors. 

In bipeds the rih* arc elevated during Inspiration. 


surface area of a man of 
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diaphragm lessens its curvature and so increases the longitudinal di¬ 
ameter of the chest. The increased length of the thorax results at once 
in a backward movement of the lungs. The pressure on their in¬ 
terior being somewhat reduced, outside air rushes in, and an inspiration 
is produced. In addition to the expansion and filling of the lungs, 
abdominal changes take place during the backward movement of the 
diaphragm: intra-abdominal pressure is increased throughout, the ab¬ 
dominal organs are displaced backward, the abdominal muscles relax, 
and the abdominal wall protrudes. Respiration in which movements of 
the diaphragm are prominent is called diaphragmatic or abdominal 
respiration. 

The motor nerves of the diaphragm are the phrenics, one for each 
half. Section of a phrenic nerve leads to paralysis of the diaphragm 
on the same side on which the cut is made. However, the observation 
has been made on dogs that experimental paralysis of the diaphragm 
does not seriously interfere with respiration. Dogs “in which the whole 
of the diaphragm was paralyzed by bilateral phrenic neurectomy ran 
and played like normal animals and after exercise could not be sepa¬ 
rated from normal dogs by those who were not acquainted with them” 
(Lemon). It appears therefore that in dogs, at least, diaphragmatic 
contraction cannot be regarded as of supreme importance in respira¬ 
tion; the loss of respiratory function of the diaphragm can be com¬ 
pletely compensated for by the action of other muscles. 

Movements of the Ribs. Each rib has two points of articulation 
with the vertebral column. The head articulates with facets on the 
bodies of adjacent vertebrae, and the tubercle with a facet on the trans¬ 
verse process. The chief movement that any rib can undergo is rota¬ 
tion around an axis which passes through the centers of the head and 
tubercle. In inspiration the movement of the anterior series of ribs is 
limited; but the movement of the posterior series is considerable, is 
mainly outward and forward, and results in an increase of the trans¬ 
verse diameter of the thorax. Chauveau states that there is also some 
increase in the vertical diameter of the chest owing to rib movements 
displacing the sternum downward. In man the sternum does not have 
to support so much weight as it does in quadrupeds. Therefore its 

movements in respiration are greater. 

As regards the muscles concerned in the production of these rib 
movements, it has been shown experimentally that the external inter- 
costals and the intercartilaginous parts of the internal intercostals con¬ 
tract synchronously with the diaphragm and are therefore inspiratory 
in function (Hough; Schafer and Macdonald). That these muscles arc 
inspiratory in function is further indicated by the work of Bronk an 
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Ferguson, who studied the electrical changes in motor nerv e fibers sup¬ 
plying the muscles. The following additional muscles are, on anatomi¬ 
cal grounds, usually classed as inspiratory: levatores costarum, ser- 
ratus dorsalis anterior, latissimus dorsi (except in equines), serratus 
thoracis (forced inspiration). 

Accessory Respiratory Movements. In addition to the inspiratory 
movements just considered, accessory movements are seen, especially 
when the respirations become labored. Thus in the rabbit in ordinary 
breathing, in the horse when the breathing is at all difficult, and in man 
when it becomes distinctly difficult, elevation of the wings of the nos¬ 
trils occurs simultaneously with inspiration. In many animals, also, the 
glottis is further widened during inspiration. These movements serve to 
reduce the resistance to the inflow of air by widening the passageway. 

Roaring. This is a disease of the horse in which there is a severe 
disturbance of the action of the laryngeal muscles because of paralysis 
of the recurrent nerve. The left cricoarytenoideus dorsalis muscle is 
paralyzed, and other muscles on the same side may be involved to a 
varying extent. Occasionally both sides of the larynx are affected at 
once, or affection of the left side may be followed later by involvement 
of the right. Disease of the right side alone is rare (Bemis). Since the 
recurrent nerve innervates all the intrinsic muscles of the larynx except 
the cricothyroideus (Sisson), it is difficult to understand why the pa¬ 
ralysis should involve the cricoarytenoideus dorsalis (abductor) muscle 
so completely and the adductors so little. Apparently the innervation 
of the larynx of the horse requires further study. 

The distress in roaring occurs on inspiration. It is caused by the 

fact that the left arytenoid cartilage, whose muscle is paralyzed, is 

drawn into the glottis on inspiration. This also opens the ventricle 
wider. 

The left recurrent nerve is closely related to the bronchial and 
anterior mediastinal lymph nodes. These are often affected in strangles. 
Extension of the inflammation to the left recurrent nerve may explain 
why it is more frequently paralyzed in roaring. 

Experimental transection of the left recurrent nerve produces the 
signs seen in clinical cases of roaring. 


MECHANISM OF EXPIRATION 

Expiration means a decrease in the size of the thorax and lungs 
and an accompanying outflow of air. Following an inspiration, the 
enlarged thorax may return to its resting position by purely passive 

cerned that ' S ’ W . lt !' out muscuIar effort - The physical factors con¬ 
cerned are the weight and distortion of the ribs, the distortion of the 
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costal cartilages, the elasticity of the distended abdominal wall, and 
the elasticity of the lungs. Experiments have revealed, however, that 
passive expiration—at least in dogs—is not the usual condition (Gesell. 
1936). Records of the spike potentials of the respiratory muscles in 
quiet breathing showed that, although expiration may be entirely pas¬ 
sive, in the great majority of cases varying degrees of active expira¬ 
tion occur. Labored respirations are known to be accompanied by 
definitely active expirations, the return of the thorax to the resting 
position being hastened. Very active expirations are seen also in cough¬ 
ing, talking, laughing, barking, and lowing. Expiratory muscles may 
be divided into two groups: 

1. Those muscles whose contraction exerts pressure on the ab¬ 
dominal viscera and so on the posterior face of the diaphragm, driving 
it forward into its resting, expiratory position. The abdominal muscles 
belong to this group, and the following ones arc capable of this action: 
obliquus abdominis externus, obliquus abdominis internus, rectus ab¬ 
dominis, and transversus abdominis. 

2. Those muscles whose contraction hastens the return of the ribs 
to their ordinary expiratory position. The internal intercostals (in¬ 
terosseous portion) and the tranversus thoracis have been shown by 
experimental means to be expiratory. Muscles whose attachments sug¬ 
gest that they are, or may be, expiratory are the serratus dorsalis 
posterior, longissimus costanim, and longissimus dorsi. 


EUPNEA, DYSPNEA, HYPERPNEA, POLYPNEA, APNEA 

Eupnea is the state of ordinary quiet breathing. The animal is un¬ 
aware of the effort required to produce the thoracic movements. 

Dyspnea is a condition of labored breathing. There arc many de¬ 
grees of dyspnea. 

Hyperpnea means a condition of breathing in which the rate or 
the depth, or both, are increased. An individual in a state of hyperpnea 
may be unaware of any change in the breathing. 

Polypnea signifies a rapid, shallow, panting type of respiration. 

Apnea means a transient cessation of breathing. 


ABDOMINAL AND COSTAL TYPES OF BREATHING 

As stated above, abdominal breathing denotes a visible movement 
of the abdomen with the respirations; the abdomen is protruded during 
inspiration and recoils during expiration. Costal breathing, on the other 
hand, is characterized by pronounced rib movements. In a state o 
eupnea the abdominal type predominates in practically all anima s. 
This means that in eupnea the diaphragm is the principal inspiratory 
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muscle. With the onset of dyspnea, however, the costal type becomes 
prominent. 

Whenever the movements of the abdomen are restricted, as by the 
use of tight clothing or binders, the costal type is prominent. It is also 
marked in painful conditions of the abdomen (enteritis, peritonitis). 

Studies of the mechanics of respiration in dogs (anesthetized with 
pentobarbital sodium) indicate that the intercostal muscles and dia¬ 
phragm do not contract synchronously in inspiration (Woods and 
co-workers). The early peak flow of air on inspiration is apparently 
caused by contraction of the intercostal muscles and a late peak flow, 
of longer duration, by contraction of the diaphragm. Contraction of 
the intercostals lowers intraperitoneal pressure below atmospheric and 
contraction of the diaphragm raises it above atmospheric. Shortly after 
the beginning of expiration, intraperitoneal pressure again becomes 
negative for a brief time. The variations in intraperitoneal pressure 
are small (1 to 2 cm. H 2 0). 


METHODS OF RECORDING RESPIRATORY MOVEMENTS 

I he rate and amplitude of the respiratory movements may be regis¬ 
tered in a number of ways. Some of these methods are applicable only 
under experimental conditions, while others are adapted for use not 
only in anesthetized experimental animals but also in intact animals 
and man. Of the different methods, the following may be mentioned: 

1* A cannula or catheter is inserted into a pleural cavity between 
two ribs, care being taken to prevent the entrance of more than a 
small bubble of air through the opening. The catheter is then con¬ 
nected to some form of recording apparatus (tambour, piston recorder, 
manometer) arranged to write on a kymograph, usually in such a way 
that the downstroke of the lever will represent inspiration. At every 
inspiration the pressure in the pleural space is further reduced and 
the writing point descends; during expiration the writing point rises. 
I his method really registers changes of intrathoracic pressure. 

2. A tube is connected to a side arm of a tracheal cannula and then 
o a tambour or some other form of recorder. Inspiration results in a 

r ecrease of the pressure in the tube and recorder, causing a downward 
movement of the writing lever; expiration elevates the pressure in the 
u >e and recorder, causing an upward movement of the writing point. 

3. A pneumograph or stethograph may be tied around the thorax 
and then connected to a recorder. Several forms of pneumograph have 

een devised. One of the simplest consists of a flexible coil spring in- 

“osed n ' b , h - r " ,binK - ° nC e " d 0f thc pneumograph"is 
closed, and the other end is provided with an outlet to be connected 
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with a tambour. The pneumograph is tied around the thorax in an ap¬ 
propriate location. Inspiration increases the capacity of the pneumo¬ 
graph, and the writing lever moves downward; expiration causes the 
opposite effect. A stethograph is essentially a hollow metal cylinder 
closed at each end with a rubber diaphragm. A string is fastened to 
the center of each membrane, and the apparatus is tied around the 
thorax. A tambour is connected by rubber tubing to a side tube of the 
stethograph. Inspiration causes the rubber diaphragms to be pulled 
outward, thus creating negative pressure in the stethograph, tube, and 
tambour; expiration causes the opposite effect. 

4. A chest plethysmograph connected with a delicate recording 
spirometer may be used. The plethysmograph consists of a metal 
sheath under which there is a large rubber bag. The sheath and bag 
are fixed in place immediately over the thorax of the animal. When 
the thorax expands, some air is driven out of the slightly inflated rub¬ 
ber bag into the spirometer, whose inner cylinder is then elevated. 
This cylinder carries a writing point. Return of the thorax to the rest¬ 
ing position causes the reverse action. 

5. A body plethysmograph for measuring respiratory rates and 
volumes may be used (Hemingway). 

6. The Benedict-Roth type of basal metabolism apparatus may be 
used to obtain good records of the respiratory movements. 

RESPIRATORY PATTERNS AND CYCLES 

The respiratory pattern, or wave form of the respirogram, has been 
analyzed in several species of small mammals, in dogs, and in men. 
The normal patterns vary little among the different species except for 
rate and tidal volume (Guyton). The inspiratory and expiratory phases 
of the cycles are generally smooth, and the cycles are remarkably 
symmetrical. This is not true of the horse. In this animal the breathing 
cycle has two phases in inspiration and two in expiration. Abdominal 
movements arc greater than thoracic. In hyperpnea the abdominal 
respirogram becomes symmetrical, but tracings derived from pressure 
changes in the airway remain polyphasic, although they alter in form 
( Fig. 76). 

Complementary breathing cycles occur in many species, including 
the rabbit, cat, dog, and man but not the horse. These cycles recur 
rhythmically at frequencies varying from 45 per hour in the moiise 
to 3 per hour in man. The duration of the cycles in the different species 
is remarkably uniform, the average being 6.5 seconds. The cycles may 
be of importance in the regulation of diffusion and pressure in t e 
alveoli. The change in respiration that characterizes the cycles is a 
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deep rapid inspiration followed by expiration of longer duration (Mc- 
Cutcheon). 



Fia. 76.—Diagram of respiratory cycle in a horse during eupnea 
and hyperpnea. Pressure variations in the respiratory passages, 
the pleural and peritoneal spaces, and the intestine are shown, 
together with the action of the respiratory muscles. Most of 
the pressure curves are calibrated. Further explanation in text. 

(From the original of Fig. 5, F. H. McCutcheon, Journal of 
Cellular and Comparative Physiology, 1951, 37, 455.) 

VOLUMES OF AIR RESPIRED 

The volumes of air respired under different conditions of respiration 
may be measured with some form of gasometer. In man Hutchinson’s 
spirometer or one of its modifications is often used. The spirometer 
works on the principle of the ordinary gasometer for storage of gas. 
One breathes into the spirometer or out of the previously filled spi¬ 
rometer. The volume of air is read directly from a scale. Other forms 
of gasometer are available. The volumes obtained may be corrected 
to STPD (standard temperature and pressure, dry) or BTPS (body 
temperature and prevailing atmospheric pressure, saturated with water 
vapor). The latter correction is recommended. 

The terms given below are used to express the volumes of air in¬ 
spired and expired under various conditions. Some of these values are 
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not known for animals owing mainly to the obvious difficulties en¬ 
countered in carrying out the determinations on these subjects. The 
figures given arc only average; a wide range of variation is possible. 

Tidal Air. By this term is meant the volume of air inspired or 
expired in one respiration (ventilation cycle). In man at rest it is 
about 500 ml.; in the horse, about 6000 ml. (Gmclin) ; in the dairy 
cow while lying, 3100 ml., while standing, 3800 ml. (Hall and Brody); 
in the goat, about 310 ml. (Bareroft and co-workers, 1919); in the 
sheep, 150 to 260 ml. (Amoroso Bell, anti Rosenberg) ; in the dog 
(8.5 kg.) under basal conditions, 176 ml. (Pichaicharnarong). 

Tidal air volume at rest varies (approximately) directly with body 
weight. Tliis relationship is expressed by the following formula (Guy¬ 
ton) : 

Tidal air (ml.) = 0.0074 X weight (gm.) 


Complemental Air. This term refers to the volume of air that can 
be inspired by the deepest possible inspiration after an ordinary in¬ 
spiration. In man it amounts to some 2000 nil.; in the horse, 12.000 
ml.; in the sheep, 340 to 1140 ml. 

Supplemental or Reserve Air. This is the amount of air that can 
be expired by the deepest possible expiration after an ordinary expira¬ 
tion. In man it is about 1200 ml.; in the horse, 12,000 ml.; in the sheep, 
100 to 260 ml. 

Vital Capacity. This is the volume of air that can be breathed out 
by the deepest possible expiration following the deepest possible in¬ 
spiration: man, 3700 ml.; horse, 30,000 ml.; sheep, 800 to 1540 ml. 

Rcsidvuil Air. Following the driving out of the reserve air, the lungs 
are by no means collapsed; they still contain a good deal of air. This 
amount, the residual air, has been estimated in various ways. In man 
the average figure is about 1500 ml.; in the horse, probably about 
12,000 ml. 

Normal Capacity. This refers to the amount of air left in the lung> 
following a quiet expiration. It equals the reserve air plus the residual 

air: man, 2700 ml.; horse, about 24,000 ml. 

Minimal Air. This is the small amount of air left in the lungs after 
the thorax is opened and the lungs are collapsed. It is the air that i> 
entrapped in the alveoli when the terminal bronchioles collapse. It is a 
part of the residual air. The minimal air cannot be driven out c\ on 
when the lungs are subjected to strong pressure. Because of the mini 

mal air the lungs will float when placed in water. 

The fetal lung is entirely solid; there is no air in it; it will s >n 
when placed in water. A piece of lung from an animal that has breat ic 
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will float in water. This test may therefore be used to determine 
whether an animal breathed after birth. 

Minute Volume. The tidal air multiplied by the number of respira¬ 
tions per minute gives the respiratory minute volume, also known as 
the ventilation rate per minute. It can also be determined by measuring 
the volume of air inspired or expired per minute. Measurements of the 
respiratory minute volume of two dogs (8 and 9 kg.) under basal con¬ 
ditions yielded an average value of 4000 ml. (Pichaicharnarong). Brody 
(19-15) has studied the ventilation rate in relation to growth in horses, 
cattle, and swine. Lee and co-workers have determined tidal air, res¬ 
piration rate, and respiratory minute volume as a part of their in¬ 
vestigations on the reactions of animals to hot atmospheres (p. 646 i. 
Kibler, Brody, and Worsted have reported on tidal volumes and venti¬ 
lation rates in cattle at different environmental temperatures. 

Respiratory minute volume is proportional (approximately) to 
the % power of body weight (Guyton). Basal metabolism is also pro¬ 
portional to the power of body weight (p. 626). 

Revised Terminology. A revised terminology of the various sub¬ 
divisions of lung volume has been proposed by a group of physiologists 
for use in teaching and research in respiratory physiology (Pappen- 
heimer). These terms and their meaning are illustrated in Fig. 77. 
The primary subdivisions of lung volume shown at the right of the 
diagram “apply to all levels of respiratory effort and contain no over- 



SPECIAL DIVISIONS FOR PRIMARY SUBDIVISIONS 

PULMONARY FUNCTION TESTS OF LUNG VOLUME 

l ,a. 77.—Subdivisions of lung volume: revised terminology. Discussion 

(I 1 rom Federation Proceedings, 1950, 9, 602.) 


in text. 
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lapping volumes.” The “capacity” terms at the left are recommended 
for pulmonary functional tests (in man). 

The relation of these terms to those used above will be evident in 
most instances. For example, inspiratory capacity equals tidal air 
plus complemental air; functional residual capacity is the same as 
normal capacity; inspiratory reserve volume (at any level of activity) 
equals complemental air (at any level of activity); the term tidal 
volume replaces the term tidal air; residual volume replaces residual 
air, etc. 

VENTILATION OF THE ALVEOLI 

Until recently it was generally believed that the changes in size of 
the lungs accompanying breathing were attained chiefly by expansion 
and contraction of the alveoli. In this bellowslike manner the ventila¬ 
tion of the alveoli was supposed to be effected. Evidence has been ob¬ 
tained which suggests that the alveoli change very little in size with the 
respirations (Macklin). The inspired air is accommodated mainly by 
an inspiratory lengthening and dilatation of the airway, or bronchial 
tree. It is believed that this increase of capacity involves principally 
the respiratory bronchioles and alveolar ducts, although the entire 
bronchial tree participates in the enlargement. During expiration the 
capacity of the airway decreases by a shortening and narrowing of its 
different portions, particularly the respiratory bronchioles and alveolar 
ducts. Ventilation of the alveoli, instead of being accomplished by a 
bellowslike expansion and recoil of their walls, is brought about by 
air currents from the alveolar ducts caused by the flow of air into 
the bronchial tree. Entrance of air into the alveoli is facilitated by the 
widening during inspiration of the mouths through which the alveoli 
communicate with the chambers from which they spring. Diffusion 
gradients would help in the ventilation of the alveoli. 

The musculature of the bronchial tree assists in the inspiratory in¬ 
crease of capacity of the airway by relaxing. It aids the expiratory 
decrease of capacity by contracting. The main forces concerned in 
inspiration and expiration have already been considered. 

The musculature of the airway receives innervation from the vagi 
and the sympathetics (p. 228 ). 

Dead Space. The respiratory passages extending from the external 
nares to the alveoli have long been designated as the dead space. When 
the alveoli were regarded as distensible sacs, it was customary to de¬ 
duct from the tidal air the capacity of the dead space in order to 
determine how much of the inspired air actually entered the alveoli. 
\lso the question whether the dead space could change in size was an 
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active one. According to the view 6et forth above, the alveoli change in 
size very little during a respiratory cycle. The dead space in relation to 
alveolar ventilation has therefore taken on a somewhat different aspect, 
and there can no longer be any serious doubt that the so-called dead 
space undergoes very considerable changes in capacity during a respira¬ 
tory cycle. 

A method has been described for calculating the effective dead space 
in the dog under normal conditions (Romijn). 

It is the air in the alveoli that is in diffusion relation with the gases 
of the blood in the pulmonary capillaries. This subject is referred to 
again in Chapter IX. 

INTRAPULMONIC PRESSURE 

Intrapulmonic pressure means the air pressure in the lungs and 
the passages leading to them. Since there is free communication be¬ 
tween the interior of the lungs, bronchi, trachea, etc., and the outside, 
it is clear that at every position of rest of the thorax the intrapulmonic 
pressure must be equal to the pressure of the atmosphere. During in¬ 
spiration, however, the enlargement of the thorax and lungs is a little 
more rapid than the inrush of air. Therefore during this time the 
intrapulmonic pressure is slightly negative, that is, below atmospheric 
pressure. In normal inspiration the negativity equals — 2 to —3 mm. 
Hg. During expiration, on the other hand, the thorax and lungs return 
to the normal size a little more rapidly than the air is forced out. 
Therefore during this time the intrapulmonic pressure becomes slightly 
positive. The pressure changes can be measured by insertion of a tube 
into a nostril or, better, a fine cannula through the wall of the trachea 
and connecting the tube or cannula to a manometer. 

When for any reason the air passages are partially or completely 
blocked, inspiration and expiration are accompanied by greater changes 
in intrapulmonic pressure than those just given. Incomplete blocking 
of the air passages is seen in pathological conditions such as rhinitis 
edema of the glottis, and bronchitis. Complete blocking may be pro- 
duced by closure of the glottis. An attempted inspiration with a closed 
glott^ resu lt s m a fall in intrapulmonic pressure that varies directly 
vvi h the amount of muscular effort expended. In strong inspiration 
he fall may be as much as -70 mm. Hg or more (in man). An at¬ 
tempted expiration with a closed glottis leads to an elevation of intra- 
pulmonic pressure, the amount depending on the force of the expiratory 

UTort With a s rong expiratory attempt, the elevation may he as much 
as iuu mm. Hg (in man). 
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INTRATHORACIC PRESSURE 

Lntrathoracic or intrapleural pressure means the pressure in the 
thorax outside the lungs, that is, the pressure in the pleural spaces and 
mediastinum. It is the pressure to which the mediastinal organs are 
subjected and is, under ordinary conditions of breathing, negative. The 
explanation ol the negativity lies in the fact that the lungs are actually 
smaller than the thorax which they occupy, yet owing to the pres¬ 
sure of the atmosphere on their interior and to their elastic properties, 
they are distended to fill completely all parts of the thorax not oc¬ 
cupied by other structures. Therefore because the lungs are stretched 
and elastic, they tend to recoil. Their tendency to recoil counteracts the 
intrapulmonic pressure to a small extent, so that its full effect is not 
felt in the pleural spaces and mediastinum. The intrathoracic pressure 
therefore equals the intrapulmonic pressure minus the force of the 
elastic recoil of the lungs, and under any normal condition of breathing 
this relation holds. Intrathoracic pressure rises and falls with intrapul¬ 
monic pressure, but they are never quite the same; they always differ 
by the force of the elastic recoil of the lungs. It follows that at the end 
of inspiration, when of course the lungs are farther stretched and their 
tendency to recoil is greater, the intrathoracic pressure is less than at 
the end of expiration, when the lungs are less stretched. However, even 
at the end of the deepest possible expiration with the glottis open, the 
intrathoracic pressure is still negative by a small amount, for the lungs 
are far from collapsed; they still contain the residual air. 

At the end of a normal quiet expiration the force of the elastic 
recoil of the lungs and the opposing force of chest elasticity and muscle 
tonus are equal. 

Measuring Intrathoracic Pressure. The magnitude of the negativ¬ 
ity of the intrathoracic pressure may be measured in several ways. The 
simplest and most direct method is to insert a tube or catheter into 
a pleural space between two of the ribs, care being taken to prevent the 
entrance of more than a tiny bubble of air. The tube is then connected 
to a manometer, whereupon the liquid in the proximal limb of the 

manometer rises and that in the distal limb falls. The difference in the 

• 

height of the two columns represents the negativity of the intrathoracic 
pressure. During inspiration the liquid is sucked farther up in the 
proximal limb of the manometer and during expiration it falls some¬ 
what, but the intrathoracic pressure is still negative by a small amount. 

A graphic record of the pressure changes can be made. 

Another method is to tic a tube into the trachea of a recently killed 
animal and connect it to a manometer of small bore. The thorax is 
then opened, whereupon the lungs tend to collapse, but this is pre- 
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vented by the liquid in the manometer. The height to which the liquid 
is pushed equals the force of the elastic recoil of the lungs, and, as 
stated above, this equals the negativity of the intrathoracic pressure. 

Data of Intrathoracic Pressure. In the sheep, dog, and rabbit 
Jakobson and Adamkiewicz (cited by M Kendrick) found the nega¬ 
tivity of the intrathoracic pressure to be —3 to — 5 mm. Hg. Rosen¬ 
thal (cited by M Kendrick) found it to be —20 mm. Hg in the rabbit 
with the deepest inspiration. Heynsius obtained the following results 
on dogs: at the end of expiration, 4 mm. Hg; at the end of inspira¬ 
tion, — 10 mm. Hg. In rabbits he found pressures of —2.5 mm. Hg find 
— 4.5 mm. Hg. In work on sheep Rangsit found intrathoracic pressures 
as follows: at the end of expiration, —8 mm. Hg; at the end of in¬ 
spiration, — 14 mm. Hg. In larger animals greater values probably 
prevail, although few determinations have been made. In eupncic 
breathing in the horse pressures of —6 mm. Hg at the end of expiration 
and —16 mm. Hg at the end of inspiration have been observed (Mc- 
Cutcheon). The figures for the rabbit may be summarized as in Table 
16. Atmospheric pressure of 760 mm. Hg is assumed. 


Table 1G. 


Pressure Conditions in the 


Lungs and 1 iiorax of Rabbit 



At end of 

At end of 

At end of 


quiet 

expiration 

quiet 

inspiration 

deepest possible 
inspiration 

Intrapulmonic pressure. . . 
Negativity of intrathoracic 

mm. Ug 

7(50 

mm. llg 

7G0 

mm. Jig 

7G0 

pressure.... 

O r: 


-20 

740 

Intrathoracic pressure.... 

— • «J 

757.5 

— 4.5 

( o«). o 


Effect of Intrathoracic Pressure on the Mediastinal and Ab¬ 
dominal Organs. In view of the fact that the mediastinal organs are 
subjected to a pressure that can vary considerably, they must be af¬ 
fected by the pressure changes. When a strong expiratory attempt is 
made with a closed glottis, the elevation of pressure may be great 
cnoug l o interfere markedly with the return of venous blood to the 
wart. This is seen in severe straining movements, which mav lead to 

facfonlhc'T"? °' ! h ° r" ° nd ' in man ' ‘° Visib,e ^stion of the 
elottU *| th T- ,ar "' whcn an lns P‘ r ation is attempted with a closed 

to e he a,. I™ ' ll 6 PrCSSUrC S ° indUCed hastcns thc return of blood 
to thc heart via thc great veins. In a like manner, negative pressure 

of considerable magnitude may be produced in the thoracic part of 
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the esophagus. It is produced in the early stages of vomiting, and, as 
will be seen later, in ruminants it is the means of drawing food from 
the stomach into the esophagus in regurgitation. 

In a similar though less pronounced way the negativity of the intra- 
thoracic pressure affects the mediastinal organs in ordinary inspira¬ 
tions. This is spoken of as the aspiratory or suction-pump action of the 
thorax and is an aid to the return of blood and lymph to the heart. 

W hen an expiration is attempted with a closed glottis, the ab¬ 
dominal pressure, as well as the pressure in the lungs and thorax, is 
elevated because the contraction of the abdominal muscles is opposed 
by the fixed diaphragm. The rise of abdominal pressure is transmitted 
equally in all directions, for the viscera act in this regard as if they 
were liquid; but the effect of the pressure is most noticeable on the 
pelvic organs because of their short connections w’ith the outside. 
Emptying of these organs in defecation, urination, and parturition is 
therefore facilitated by the action of the abdominal press. 

In the modified expiratory acts of coughing, laughing, talking, bark- 
ing, lowing, etc., both intrathoracic and intrapulmonic pressures may 
be considerably elevated. 

Origin of the Negative Pressure. The lungs of the fetus are 
not distended; they completely fill the thorax but are solid. Therefore 
they do not exert any elastic force, and there is not negative pressure 
in the thorax. In the newborn animal the first inspiration causes the 
lungs to expand. Upon expiration they collapse, but not completely; 
a newly acquired tonus of the respiratory muscles prevents the thoracic 
cavity from returning to its fetal position. The respiratory and other 
skeletal muscles of the fetus in the uterus do not possess tonus. After 
birth, however, the skeletal muscles quickly acquire a certain degree 
of contraction or tonus. The tonus of the respiratory muscles causes 
the chest wall to assume a new resting position, so that the thoracic 
cavity is now larger than it was during intra-uterine life. The lungs 
are therefore not fully deflated upon expiration and a negative pressure 
develops in the pleural spaces. In life, this tonus is never lost, and the 
thorax never collapses as much as it would collapse if the tonus were 
absent. Furthermore, with the development of the animal the thorax 
grows faster than the lungs. This causes a gradual increase in the 
negativity of the intrathoracic pressure during growth. 

PNEUMOTHORAX 

Entrance of air into the pleural cavity produces the condition known 
as pneumothorax. The air may enter either through an opening, to the 
outside in the thoracic wall or by way of a pulmonary lesion which has 
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extended through the visceral pleura. If the opening remains patent 
(open pneumothorax), the lung on that side will collapse. The question 
arises as to whether collapse of one lung will lead also to collapse of 
the other. The answer is apparently not the same in all species. In the 
dog, according to Snyder, unilateral pneumothorax is impossible be¬ 
cause of the free permeability of the mediastinum to air (and fluid). 
Changes of intrapleural pressure on one side are immediately followed 
by corresponding changes on the other side (Fig. 78). Bilateral 
pneumothorax therefore follows opening of the chest of the dog on 
one side. Evidently in intrathoracic operations in the dog, except per¬ 
haps experimental operations of very brief duration, artificial respira¬ 
tion by tracheal insufflation of air or oxygen would be necessary. 

% 



Fig. 78.— Intrapleural pressure changes on each side during the injection of air into 
the right pleural cavity of a dog. Ether anesthesia. The upper tracing is of left 
intrapleural pressure; the lower, right intrapleural pressure. The respective ba<=e 
hnes represent atmospheric pressure. The little triangles at the lower margin of 
he graph indicate the times at which air in quantities of 200 ml. was injected into 
the right pleural cavity. Note that changes of pressure on the right side were 
accompanied by corresponding changes on the left side. Therefore the mediastinum 
of the dog ,s permeable to air. (Adapted from Snyder, Archives of Surgery 1924 


In man the mediastinum is impermeable to air and fluids but 

there is a significant displacement of the mediastinum to the opposite 

side in unilateral pneumothorax. This displacement results in similar 

pressure changes on the two sides, but the changes are not identical as in 
the dog (Snyder). 

In the sheep limited observations by Rangsit indicate that unilateral 
pneumothoraxes possible. A small opening into a pleural cavity on one 
side led to collapse of the corresponding lung, whereas the other lung 
did not coHapse until an opening had been established on that side 
Little precise information is available on these questions as applied 
iL ^ rg e animals. Clinical observations suggest that the behavior of 
he lung when the chest is opened may not be the same as in small 
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animals. F. Smith states that a small opening into the pleural cavity of 
the horse does not lead to collapse of the lungs but that a large opening 
does. Some reported cases of failure of the lung to collapse in large 
animals when a pleural cavity was opened might have been due to 
adhesions between the visceral and parietal pleurae. 

Whether or not an animal will live following pneumothorax depends 
on the amount of air entering through the wound at each inspiration 
and on the ability of the animal to compensate by increased breathing 
W’hen the amount of air entering by the wound is so great that the 
animal cannot obtain its tidal-air requirements, even by the greatest 
possible augmentation of breathing, death from asphyxia will result. 

RESPIRATORY VARIATIONS OF BLOOD PRESSURE 

IN SYSTEMIC ARTERIES 

If a blood pressure tracing is examined, it will be seen to present 
at least two kinds of waves: short ones, due to the systole and diastole 
of the heart, and long ones, due to the respiratory movements (Fig. 
79). The waves caused by heart action arc discussed in Chapter VI. 
Those produced by the respiratory movements have been the subject 
of numerous investigations and much discussion since they were first 
noticed by Stephen Hales in his classical experiments on blood pressure 
(1733), and it may be stated that there is as yet no complete agree¬ 
ment as to their cause and their relation to respiration. In some indi¬ 
viduals the fall in mean pressure accompanies inspiration and the 
rise expiration. This may be said to be the uncomplicated condition. 
In other cases the reverse is true, inspiration being synchronous with 
a rise and expiration a fall. In still other instances a momentary fall 
and then a rise accompany inspiration, whereas a further brief rise and 
then a fall accompany expiration. Lastly, there is the condition in 
which inspiration is accompanied by a fall and then a brief rise, and 
expiration by a further rise and then a brief fall. There may be funda¬ 
mental differences in the species in the behavior of the waves, although 
this is doubtful. 

The simplest condition, a fall of blood pressure fluring inspiration 
and a rise during expiration, is caused bv changes in the intrathoracic 
pressure with the respirations. During inspiration the negativity of the 
intrathoracic pressure increases and the great vessels in the thoracic 
cavity arc expanded somewhat. This causes the pressure in them to fall. 
During expiration the vessels are less stretched and the blood pressure 
rises. 

When there is cardiac acceleration during inspiration (respiratory 
sinus arrythmia), as frequently occurs in dogs and sometimes in other 
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animals, the increased output of the heart so induced favors a rise in 
mean pressure that overshadows the fall which the inspiration itself 
tends to produce, so that the final effect is a rise in mean pressure 
during inspiration. When cardiac acceleration is present but slight or 
delayed, there is likely to be during inspiration a brief fall and then 
a rise, and during expiration a further brief rise followed by a fall. The 
last condition, inspiratory fall and brief rise and expiratory rise and 
brief fall, is seen in deeper breathing and may be explained in the fol¬ 
lowing way: The augmented inspirations increase the venous return, 
and the systolic discharge of the right ventricle is thus increased. 


Fig. 79. —Blood pressure tracing 
from the carotid artery of a sheep 
to show respiratory waves of pres¬ 
sure. Mercury manometer. Local 
anesthesia. (From Rangsit, Experi¬ 
ments on the Cardiovascular, 
Respiratory, and Secretory Mecha¬ 
nisms of the Sheep, thesis, Cornell 
1941.) 



This, however, does not cause an increased output from the left ven¬ 
tricle for several beats and so the systemic blood pressure falls. Toward 
the end of inspiration, however, the flow of blood into the left side 
of the heart has increased sufficiently to cause an augmented ven¬ 
tricular output and hence a rise of systolic blood pressure. This rise 
continues to near the end of expiration, when the fall sets in. The 
increased capacity of the pulmonary vessels during inspiration con¬ 
tributes to the delay in the increased output of the left ventricle. 


RESPIRATORY FREQUENCY 

This is the number of respirations per minute. The figures below 

give some idea of the range of the frequency in mature animals at rest 
and in man. 


Ilorsc 

8-16 

Ox 

10-30 

Dairy cow 

18-28 

Sheep and goat 

12-20 

Pig 

8-18 


Dog 

Cat 

Fowl 

Man 


10-30 

20-30 

15-30 

12-20 


” ml Rankln determined the respiratory frequency in more 
han 100 eats, most y mature. The eounts were made at room tempera- 

re. The average frequency was 55 per minute. Most of the results 
fell in the range of 20 to 80 respirations per minute. 
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The respiratory frequency is subject to numerous variations. Some 
of the factors responsible for the variations are body size, age, exercise, 
excitement, environmental temperature (p. 646), pregnancy, and degree 
of fill of the digestive tract, especially the rumen. 

Various febrile and other pathological conditions may affect the 
breathing frequency. 



Chapter IX 


TRANSPORT AND EXCHANGE OF GASES 


COMPOSITION OF INSPIRED AIR 

T HE composition of outdoor air is remarkably uniform from place 
to place over the earth’s surface; this is true even in the vicinity 
of cities, the following figures show the composition of dry inspired 
(atmospheric) air in volumes per cent: 

O t CO t N t 

20.93 0.03 79.04 

The figure for nitrogen includes 0.94 per cent of argon and traces of 
helium, krypton, neon, xenon, hydrogen, and so forth. These gases are 
generally believed to be of no physiological importance. 

In confined spaces where the air is still, especially when combus¬ 
tion is taking place, organic matter is decomposing, or animal life is 
present, the composition may vary somewhat from that given above. 


J1AP1KEU AIR 


Expired air contains oxygen, carbon dioxide, and nitrogen, but the 
proportion of the first two gases is not the same as in inspired air, 
which contains more oxygen and less carbon dioxide. Respiration re¬ 
sults therefore in oxygen consumption and carbon dioxide production. 
Expired air from herbivores also contains considerable amounts of 
methane derived from carbohydrate fermentation in the alimentary 
canal. Likewise carbon dioxide is produced in the digestive tract of 
herbivores. Being eliminated largely through the lungs, it mixes with 
the carbon dioxide of metabolic origin. In some types of energy 
metabolism experiments on herbivorous animals during digestion al¬ 
lowance must be made for the carbon dioxide derived from the’ali¬ 
mentary canal. From studies on goats by Boycott and Damant it 
appears that at least 10 per cent of the total carbon dioxide eliminated 
has this origin A highly fed dairy cow may produce 300 liters of 
carbon dioxide by fermentation in a day (Washburn and Brody) Part 
of this is eliminated by eructation. y) 1 
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In addition to variations in the composition of expired air due to 
fermentation in the digestive tract, variations may be brought about 
by changes in the kind of foodstuff being oxidized. Changes in the 
frequency or depth of respiration may bring about temporary changes 
in the composition of the expired air. 

The following figures are fairly representative of the percentage 
composition of the dry expired air of man: 

O t CO t N t 

16.29 4.21 79.50 

In goats Barcroft and co-workers (1919) obtained the following re¬ 
sults as a mean of many determinations: 

O, CO t 

17.80 2.95 

Zuntz and Hagemann made numerous determinations of the com¬ 
position of the expired air of horses under different conditions. The 
following results are typical of those obtained from resting horses: 

Or CO, N, 

15.97 4.74 79.29 

A comparison of the composition of inspired air and of expired air 
is given (in percentages by volume) in the following figures: 



0, 

CO, 

N, 

Inspired air 

20.93 

0.03 

79.04 

Expired air 

16.29 

4.21 

79.50 

Difference 

4.64 

4.18 

0.46 


It is evident from these figures that the volume of oxygen absorbed 
is greater than the volume of carbon dioxide eliminated. This accounts 
for the fact that the volume of nitrogen expired is relatively greater 
than the volume inspired. The reason why the volume of carbon 
dioxide given off is usually less than the volume of oxygen absorbed 
is that not all of the oxygen absorbed is used in the oxidation of 
carbon; some of it is used to oxidize other elements, chiefly hydrogen 
and sulfur. 

volume CO a . .. . n * 

The ratio - is called the respiratory quotient (rt.vj../» 

volume 0 2 

and it varies with the kind of foodstuff being oxidized. This makes a 
determination of the respiratory quotient in metabolism studies an im¬ 
portant procedure (p. 620). 
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In addition to the above-mentioned chemical changes in expired air, 
certain physical changes take place. Expired air is heated practically 
to the temperature of the body and is saturated with water vapor, 
^ince the temperature of inspired air is usually distinctly below that 
of the body and the water vapor content is usually below saturation, 
breathing is the cause of heat loss from the body by reason of warm¬ 
ing the inspired air and evaporating water from the lungs, and it 
is also the cause of water loss. 


GASES OF THE BLOOD 

Methods of Extraction. 1 he blood contains the same gases as are 

found in the atmosphere—oxygen, carbon dioxide, and nitrogen—but 

in different proportions. 1 here are several methods by which the blood 

gases may be extracted for analysis. The principles of two methods 
follow: 

1. The gases may be extracted by exposing a sample of blood to 
the vacuum of a mercury pump, many forms of which have been de¬ 
vised. In all forms a toricellian vacuum is created in a glass cham- 
bei, and into this a known volume of blood (obtained without ex¬ 
posure to air) is allowed to run from another chamber. The blood boils 
in the vacuum and the blood gases are given off. By repeated evacua¬ 
tion, all gas may be extracted from the blood. The total volume of the 
gases recovered is then measured, and the volumes of carbon dioxide 
and oxygen are determined by absorption, respectively, with alkali 
and an oxygen absorber (hydrosulfite). What remains in the analyzer 
is nitrogen. The percentages of the different gases in the blood are then 
calculated (ml. of gas per 100 ml. of blood). Mercury pumps of this 
kind are not much used at present because of the large amount of labor 
required in the direct extraction of gases from the blood. 

Measurement of the oxygen content of blood may be accom¬ 
plished by the ferricyanidc method. This depends on the fact that when 
a sample of hemolyzed blood is treated with ferricyanide the whole 
o he oxygen is liberated and can be measured. The amount obtained 
»n this way agrees very closely with the amount obtained by the 
mercury pump method. The ferricyanide method is used with some 
spccml form of extracting and measuring apparatus such as that of 
an olyke. In this apparatus both oxygen and carbon dioxide are 

mtture thent..r s ° f ferriCya " idC ^ Ana,ysis of 

in S5n? °T, the r Bl00d Gases ' ThCSe are shown for species 

m 1 able 17. The figures mean volumes (ml.) of the gases ner ion 

VO umes (ml.) of blood. The volume per cent of oxygen shows con- 
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sidcrable intcrspecies variations. This is because of variations in the 
hemoglobin content of the bloods. The volume of nitrogen in blood is 
constant at somewhat less than 1 ml. per 100 ml. of arterial or venous 
blood. 

The volume of oxygen actually found in blood must not be con¬ 
fused with the volume the blood is capable of holding. The latter is 
the oxygen capacity of blood, and it varies directly with the hemo¬ 
globin content. Under ordinary conditions arterial blood is about 


Table 17. Gases of the Blood 



Blood 

o, 

CO, 

Remarks 

Author 

I>og.... 

Arterial 

Venous 

ml. per rent 
10.2 

11.0 

ml. per cent 
30.5 
45.3 


SchoefTer 
(cited by 
Haldane, 

1022) 


Difference 

7.3 

5.8 



Arterial 

18.5 

1 40.2 

Average of 35 
animals 

Penrod and 

I legnauer 

Goat. . . 

A rtcrial 
Venous* 

14.15 

0.14 

42.45 
40.00 

Average of 3 
samples; non- 
lactating ani¬ 
mals 

Houchin and 
co-workers 


I )ifTerenre 

5.01 

6. 55 


(Ioat. . . 

Arterial 

Venous* 

12. r»4 

7.24 

47.32 

53.80 

Average of 22 
samples; lac- 
tating animals 

• 

Houchin and 
co-workers 


I )iffercnce 

5.40 

6.57 


Man.... 

Arterial 

Venous 

18.07 

13.75 

40.68 

54.65 

Average of 10 
cases 

Ilarrop 


Difference 

5.22 

4.07 




• Mfimmnry vein. The respiratory quotients (p. 020) in the goat data are ([renter thnn unity 


97 per cent saturated with oxygen; that is, it contains about 97 per 
cent as much oxygen as it would contain if all the hemoglobin were 

in the form of oxyhemoglobin. 

Percentage Utilization of Oxygen. It is evident from figures in 
Table 17 that as the venous blood returns to the lungs it is ar 
from being completely deprived of its oxygen. This means that as lC 
arterial blood flows through the systemic capillaries only a part o 
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oxygen is abstracted for use in metabolism. When metabolism is dis¬ 
tinctly increased, as in severe muscular work, the percentage of oxygen 
removed by the tissues may be much greater. 

In man and the dog at rest the oxygen utilized by the tissues may 
amount to only 15 to 20 per cent of that available in arterial blood (Y. 
Henderson, 1925); in the goat, about 50 per cent (Barcroft and co- 
workers, 1919); in the cat, 31 per cent (Uyeno and Doi). In man dur¬ 
ing muscular work, on the contrary, the utilization may be as great as 
75 per cent. In some individuals it may be much lower, the increased 
oxygen demands by the tissues being met almost entirely by an in¬ 
crease in the cardiac output. 

In anemias, where the percentage of oxygen is arterial blood is con¬ 
siderably reduced owing to a deficiency of hemoglobin, the percentage 
in the mixed venous blood is also reduced. In fact, under these condi¬ 
tions venous blood may be almost entirely deprived of oxygen (Lunds- 
gaard). 

Quite as important as the oxygen difference between arterial and 
mixed venous blood is the oxygen difference between arterial blood 
and venous blood coming from individual tissues or organs. This 
arteriovenous oxygen difference, the blood flow through the organ per 
minute, and the weight of the organ furnish data for calculating the 
oxygon consumption per unit weight of organ per minute. 


<^A3 LAWS 


Several of the gas laws are pertinent here and will be briefly stated. 
(See also Chapter I.) 

Dalton’s Law. According to this law, the partial pressure of a gas 
in a mixture of gases forms the same ratio with the total pressure as 
the volume of the gas with the total volume. From this it follows that 
the total pressure of a mixture of gases is equal to the sum of the 
pressures of the individual gases of which it is composed. 

The atmosphere (dry) contains 20.93 per cent oxygen 0 03 per 

cent carbon dioxide, and 79.04 per cent nitrogen and has at sea level 

an average pressure of 760 mm. Hg. Air contains a variable amount 

of water vapor, which exerts a partial pressure in accordance with 

Daltons law. Under ordinary conditions this pressure amounts to 

about 5 mm. Hg. In order to obtain the total pressure exerted by the 

other gases of the atmosphere, the partial pressure of water vapor is 
deducted from 760 mm. Hg. P 

The following calculation gives the partial pressure of oxvgen in 
n a mosphere with a water-vapor pressure of 5 mm. Hg: 
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20.93 

-X (760 — 5) == 158 mm. Hg. 

100 

The partial pressure of carbon dioxide is 

0.03 

-X (760 - 5) = 0.23 mm. Hg. 

100 

Dalton’s law further states that when several gases are in contact 
with a liquid, each dissolves in the liquid independently of the pres¬ 
ence of the others. 

Boyle’s Law. This states that, the temperature being constant, 
the pressure of a gas varies inversely as the volume. When the gas is 
compressed, its pressure is increased in exact proportion, and the con¬ 
verse is true. The law may be stated another way by saying that at 
constant temperature the density of a gas varies directly as the 
pressure. 

Henry’s Law. This law states that, the temperature being con¬ 
stant, the amount of a gas dissolved in a liquid possessing no chemical 
affinity for the gas varies directly with the pressure of the gas in the 
surrounding medium. If a liquid such as water is brought into relation 
with a gas or a mixture of gases, they penetrate the liquid and become 
dissolved in it. The amount of a gas entering the liquid varies directly 
with the pressure of the gas in the surrounding medium. If the pressure 
is doubled, twice the amount of gas goes into solution; if it. is halved, 
then half the gas in solution is given off. The pressure of the gas in the 
surrounding medium measures the pressure of the same gas in the 
liquid. If it is desired, therefore, to determine the pressure of a gns 
in a liquid, it is only necessary to determine the pressure of the gas in 
the medium to which the liquid is exposed. 

AMOUNT OF GASES DISSOLVED IN BLOOD 

The amounts of the three gases of the atmosphere that will go into 
physical solution in 1 ml. of blood at 38 degrees C. and at a pressure 
of 760 mm. Hg arc: oxygen, 0.026 ml.; carbon dioxide, 0.526 ml.; and 
nitrogen, 0.013 ml. The figures show that the solubility of carbon 
dioxide in blood is 20 times greater than that of oxygen. From these 
figures and the partial pressures of the gases in the alveolar air, the 
amounts of the gases in physical solution in 100 ml. of blood can he 
calculated. The composition of alveolar air will be discussed later, 
but it may be stated that the average composition is as follows, 
oxygen, 14 per cent; carbon dioxide, 5.3 per cent; nitrogen, 74.5 per 
cent; and water vapor, 6.2 per cent. 
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1 he calculations of the amount of the gases in physical solution 
in 100 ml. of blood in the body are as follows: 

0 W n 0.026 X 100 X 0.14 = 0.364 ml. 

Carbon dioxide 0.526 X 100 X 0.053 = 2.79 ml. 

Nitrogen 0.013 X 100 X 0.745 = 0.97 ml. 

Data already given indicate that only nitrogen is present in the blood 

in quantities corresponding to these figures. Therefore the other gases, 

oxygen and carbon dioxide, must exist in the blood in some form 
other than merely physical solution. 


TRANSPORT OF THE BLOOD GASES 

Nitrogen Transport and Significance. The amount of nitrogen in 
arterial and venous bloods is practically the same: about 1 volume 
per cent. This suggests that nitrogen is not used by the tissues, that it 
is of no physiological importance. The amount of nitrogen in the blood 
varies directly with its partial pressure in the air of the alveoli This 
fact points to the conclusion that nitrogen is carried merely in physical 
solution in accordance with Henry’s law. These are the generally 
accepted views regarding gaseous nitrogen in the blood. 

Deep-sea divers and caisson workers breathe air under greatly 
.creased pressure. The amount of the respiratory gases dissolved in 
the blood and tissues is increased in proportion to the increase in the 
partial pressures of the gases in the alveolar air. When the workers 
: u ™ t0 a tl normal the- dissolved gases are now at a hLhcr 

P ., W ‘ th rcspcct to the new environment. If the decompression 
rapid nitrogen bubbles may be released intravascularly and produce 

15 to*2 y o e Z T r nSP ° rt ' In dlffcrcnt s P ecies arterial blood yields some 

amount present, and (2) by the fact that the' Y , largC 

directly proportional to th» , ° amoun t present is not 

which the blood ts exposed fSecT ln atmos P h ^ to 

fact, that much ,hc g “ r ' The "TO K is «» 

chemical combination with hemoglobin ItT “ n^ Car " cd in 

1 gm. of hemoglobin combines with 138 ml T 7 assumed that 
smaller amount of oxycen which J- 6 I? * °/ oxy Gen. A much 

sure of oxygen in the alveoli is pa * 1 ® 8 . dlr ^ ctl ^ Wlth the partial pres- 
yg the alveoli, is earned m physical solution. The union 
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between the hemoglobin in the blood of the pulmonary capillaries and 
the oxygen in the alveoli of the lungs, and the breaking up of oxy¬ 
hemoglobin into oxygen and hemoglobin as the blood flows through 
the systemic capillaries, may be expressed by the reversible reaction— 

Hb + 0 2 *± Hb0 2 . 

Hemoglobin has therefore the property of acquiring oxygen in the 
lungs, where the oxygen pressure is high, and of unloading it in the 
tissues, where the oxygen pressure is low. As the hemoglobin leaves the 
lungs, it is nearly saturated with oxygen, for it acquires when exposed 
to the pressure of oxygen in the alveolar air more than 97 per cent as 
much oxygen as it could hold if exposed to a full atmosphere of oxygen 
or more. Therefore breathing pure oxygen would cause only a small 
additional amount to enter the blood; the hemoglobin would take up 
only three percentage units more, and a little more would go into 
physical solution in accordance with Henry’s law. 

Oxygen Dissociation Curves of Hemoglobin. The amount of oxygen 
that will be taken up by an aqueous solution of hemoglobin or by a 
sample of blood, at difTerent oxygen pressures, has been studied by 
many investigators. The results may be so plotted that the figures 
along the ordinate represent the amount of oxygen taken up (ex¬ 
pressed either as the percentage saturation of hemoglobin with oxygen 
or as volumes per cent of oxygen) and the figures along the abscissa 
the pressure of oxygen in millimeters of mercury. Curves so made are 
called oxygen dissociation curves of hemoglobin. They have been con¬ 
structed for animals of many species and, as would be expected, there 

is much similarity in the appearance 
of the difTerent curves. 

The percentage saturation of 
hemoglobin at various partial pres¬ 
sures of oxygen can be determined 
as follows: Large cylindrical glass 
vessels called saturators (or tonom¬ 
eters) arc used. Into the saturator 
a few milliliters of the hemoglobin 
solution or the blood to be studied 
arc introduced together with a 
nitrogen-oxygen mixture of known 
composition. The saturator is then 
rotated horizontally in a water 
bath at body temperature for sev¬ 
eral minutes, at the end of which 



Fia. 80.—Oxygen dissociation curve of 
hemoglobin in aqueous solution. (Data 
of Halliburton.) 
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time the oxygen and hemoglobin are in equilibrium. The solution or 
blood is then removed from the saturator, and the relative percentages 
of oxyhemoglobin and reduced hemoglobin are determined by use of 
a suitable apparatus (manometric blood gas apparatus). Suppose that 
six saturators each containing one of the following gaseous mixtures 
are used with an aqueous solution of hemoglobin: 

1. Nitrogen and no oxygen 

2. Nitrogen and oxygen at 5 mm. Hg pressure 

3. Nitrogen and oxygen at 10 mm. Hg pressure 

4. Nitrogen and oxygen at 20 mm. Hg pressure 

5. Nitrogen and oxygen at 50 mm. Hg pressure 

6. Nitrogen and oxygen at 100 mm. Hg pressure 


Determination of the percentages of oxyhemoglobin and reduced 


burton): 

Oxygen pressure in mm. Hg. 0 

Per cent HbOj (that is, percentage 

saturation of Hb) . 0 

Per cent Hb (that is, percentage 
unsaturation of Hb) .100 


5 

37 

63 


following 

results 

(Halli- 

10 

20 

50 

100 

55 

72 

87 

94 

45 

28 

13 

6 


The results may now be expressed in the form of a curve, as just 

stated; this is the oxygen dissociation curve of hemoglobin in aqueous 

solution, and, as shown in Fig. 80, it has the form of a rectangular 
hyperbola. 

The oxygen dissociation curve of hemoglobin in actual blood is 
considerably different from that of hemoglobin in water in that the 


Fio. 81.—Range of variation in 
the oxygen dissociation curve of 
the blood of the cow as de¬ 
termined on several nonpreg- 
nant animals. The carbon di¬ 
oxide pressure in the atmos¬ 
phere to which the blood was 
exposed was 40-42 mm. Hg. 
(From Roos, Journal of Physi¬ 
ology, 1938, 92.) 
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former presents a decided double inflection or S-shaped appearance 
(Tig. 81). The reason for this shape of the curve is that oxyhemoglobin 
in actual blood releases its oxygen at a much higher surrounding 
oxygen pressure than it does in distilled water at body temperature. 
l*or example, at an oxygen pressure of 30 nun. Hg, hemoglobin in water 
is 80 per cent saturated with oxygen, whereas in blood it is only about 
50 per cent saturated. The steep portion (55 to 25 mm. Hg) of the 
oxygen dissociation curve in blood means that oxygen is delivered 
to the tissues in quantity and at sufficient pressure, whereas the flatter 
portion above 75 mm. Hg means that hemoglobin is nearly saturated 
with oxygen through a rather wide range of alveolar oxygen pressure. 

An important factor accounting for the sharp declivity of the dis¬ 
sociation curve and thus the ease with which oxyhemoglobin in blood 
parts with its oxygen to the tissues is the entrance of acid products of 
metabolism into the blood from the tissues. The metabolite of most 
importance in this respect is carbon dioxide. At times other acids may 
be concerned, lactic for example. Conversely when carbon dioxide 
leaves the blood in the lungs, the taking up of oxygen by hemoglobin 
is facilitated. Hemoglobin in blood is therefore a very efficient oxygen 
carrier (Fig. 82). 



Fio. 82.—Oxygon dissociation curve of 
blood as nfTccted by carbon dioxide. I, 
pressure of carbon dioxide, 3 mm. Hg; 
II, pressure of carbon dioxide, 20 mm. 
Hg; III, pressure of carbon dioxide. 90 
mm. Hg. Ordinates show percentage satu¬ 
ration of hemoglobin; abscissa, oxygen 
pressure in millimeters of mercury. Note 
how the increasing pressure of carbon 
dioxide favors the release of oxygen and 
the decreasing pressure favors the uptake 
of oxygen. (Reproduced from the Journal 
of Physiology, 46, page iv, by permis¬ 
sion of the University Press, Cambridge, 
England.) 


While the movement of carbon dioxide into and out of the blood 
is of great physiological importance in determining the amount of 
oxygen with which hemoglobin will combine at a given oxygen pres 
sure, other factors also afTect the shape of the dissociation curve o 
oxyhemoglobin in blood. These are the ionic concentration and tem¬ 
perature of the blood, the concentration in which hemoglobin exists in 
the red cells, and the age and species of the animal. The importance 
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of hemoglobin concentration is indicated by the fact that concentrated 
solutions of hemoglobin in water give a sigmoid curve. With respect 
to age of the animal, the oxygen dissociation curve of fetal blood is more 
hyperbolic than that of blood of adult animals. In sheep fetuses 
the curve begins a transition to the adult type (shift to the right) 117 
to 121 days post-insemination and the transition is complete at 34 to 48 
days after birth (Barron). (See Fig. 83.) 


Fig. 83.—Postnatal changes in 
oxygen dissociation curve of 
the blood of a lamb. The blood 
samples were obtained at the 
times indicated in the graph. 
Curves prepared with bloods of 
normal adult sheep occupy the 
field limited by the dotted lines. 
Curve 5 (48 days post partum) 
is located in the normal adult 
field. Further discussion in text. 
(From Barron, Yale Journal of 

Biology and Medicine, 1951, 
24.) 



* Oxygen Restore in mm Hg 
COj,pressure 40±Zmm. 


Carbon Dioxide Transport. A large amount of carbon dioxide (40 
to 60 volumes per cent) can be obtained from a sample of blood when 
exposed to a vacuum or when treated with acid. From figures already 
given it is evident that only about 2.8 volumes per cent can be held in 
physical solution in the blood under the conditions prevailing in the 
body. Therefore the remaining amount must exist in some kind of 
chemical This may be designated as the bound carbon 

dioxide. The fact that the carbon dioxide can be released by adding 
acd to the blood suggests at once that the bound portion is held in 
the form of bicarbonate, and that most of it is so held there is general 
agreement. Work from a number of laboratories shows, however that 
a physiologically important part of the carbon dioxide is bound in the 
blood in some way other than as bicarbonate (Roughton). 

i * \ tllG . d,8 ?! 1SSlons to follow > the transport of carbon dioxide as 
bicarbonate will be considered first, after which its transport in the 
form of other compounds will receive attention. 

ftM < ?n rb t °?i- di0Xide d ! ssocia,ion curvcs fFi S 84) have been of material 

their con R 'tn S r C ” ' ,0XidC lrans P ort in thc blood. The method of 
them construction is similar to that described for oxygen dissociation 
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cur\ es, gases containing carbon dioxide under various partial pressures 
being used in the saturators together with the blood or the sodium bi¬ 
carbonate solution to be equilibrated with the carbon dioxide. It has 
thus been found that the carbon dioxide dissociation curves of blood 


Fio. 81.—Range of variation 
in the carbon dioxide dis¬ 
sociation curve of the blood 
of the cow ns determined on 
several nonpregnant ani¬ 
mals. The blood was fully 
oxygenated. (From Roos, 
Journal oj Physiology, 1938, 
92.) 
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COi Pressure in mm. Hg 

and of an aqueous solution of sodium bicarbonate (in equivalent 
amount) vary greatly (Fig. 85). When blood is exposed to a vacuum, 
all its carbon dioxide is given off. Under similar conditions a bicarbon¬ 
ate solution gives off only half of its carbon dioxide: 

2NaHCO a Na 2 C0 3 + C0 2 + H 2 0. 

The addition of a strong acid now causes the evolution of an 
amount equal to that given off in vacuo. Clearly, if the carbon dioxide 
of the blood is actually held in the form of bicarbonate, some sub¬ 
stance must be present in blood capable of causing all the carbon 
dioxide to be given off in a vacuum—capable of acting like acid added 
to a bicarbonate solution after it has lost all the carbon dioxide that it 
can, merely by exposure to a vacuum. There arc several reasons for 
believing that this acidlike substance exists in the corpuscles and not 
in the plasma. (1) The carbon dioxide dissociation curve of plasma 
is more like that of an aqueous bicarbonate solution than that 
of blood. Plasma, like the bicarbonate solution, requires the addition of 
acid to cause it to part with all its carbon dioxide. (2) The addition 
of corpuscles to plasma that has been exposed to a vacuum causes the 
evolution of the remaining part of its carbon dioxide in vacuo. The 
corpuscles therefore act like acid when they are added to plasma. 

The dissociation curve of carbon dioxide in blood shows that, while 
this acidlike action of the corpuscles favors complete liberation o 
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carbon dioxide with decreasing pressure of the gas, it does not hinder 
the taking up of carbon dioxide by the blood with increasing pressure. 
This property makes blood from the physiological point of view a very 
efficient carrier of carbon dioxide. It may now be inquired what there is 
in corpuscles that gives blood this important property. The erythro¬ 
cytes contain the weak acids hemoglobin and monobasic dihydrogen 


phosphate. These exist in the corpuscle in combination with bases, 
chiefly K, forming KH 2 P0 4 and KHb. The base may be removed from 
such combinations by a stronger acid such as carbonic provided it can 
penetrate the corpuscle. When carbon dioxide enters the blood, much 
of it, along with water, passes at once into the erythrocytes, where it 
is hydrated to form carbonic acid: 


C0 2 + H 2 0 H 2 C0 3 H* + HCO 3 -. 

Some of the carbonic acid so formed reacts with K + yielded by hemo¬ 
globin, which, because it has parted with its oxygen to the tissues, is 
now a weaker acid than carbonic: 

H 2 C0 3 + KHb KHCO 3 + HHb. 

The corpuscular membrane is impermeable to K> but not to IIC0 3 -, 
which, continuing to accumulate in the erythrocytes, upsets the ionic 


Fig. 85. —Carbon dioxide dissociation 
curves of sodium bicarbonate solu¬ 
tion (0.0184 n) and of blood. Note 
that when the curbon dioxide pres¬ 
sure reaches zero, blood has given 
up all its carbon dioxide, whereas 
the bicarbonate solution has given 
up only one-half of its carbon di¬ 
oxide. The lowest line shows the 
relation between the pressure of 
carbon dioxide to which water is 
exposed and the amount of carbon 
dioxide that the water will hold in 
physical solution (Henry’s law). 
(From Evans, Recent Advances in 
Physiolooy, ed. 4, published by P. 
Wakiston s Son and Company, Inc.) 
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equ, .bnum between them and the plasma. In order to restore this 
equilibrium IIC0 3 - diffuses from the red corpuscles into the plasma and 

Morid^shflt. P a ,nt ° corpuscles - This ^ the bicarbonate. 

The ability of reduced blood to take up carbon dioxide is much 
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greater than that of oxygenated blood. This is because hemoglobin is a 
weaker acid than oxyhemoglobin; therefore as the reaction 

Hb0 2 ^Hb +- U 2 

takes place during the passage of blood through the systemic capil¬ 
laries, hemoglobin parts more readily with K + for the binding of carbon 
dioxide. The K + which hemoglobin thus yields is believed to account 
for at least half the carbon-dioxide-carrying power of the blood. In the 
lungs the reverse process takes place: hemoglobin becomes loaded with 
oxygen and its acidity is thereby increased. This enables hemoglobin to 
recover the K 4 that it lost. Cl~ then diffuses back to the plasma and 
HC0 3 ~ passes from the plasma to the corpuscles. Carbonic acid is 
formed and then dehydrated, 

H + + IICO3- ^ H 2 C0 3 C 0 2 + H 2 0 , 

and carbon dioxide and water pass into the plasma. Thus carbon di¬ 
oxide is released. 

It has already been stated that the unloading of oxygen from the 
blood in the capillaries is aided by the intake of carbon dioxide (acid) 
from the tissues and that the release of carbon dioxide in the lungs 
favors oxygenation of the blood. Now it is seen that the reverse is true: 
unloading of oxygen in the tissues favors acquisition of carbon dioxide 
by the blood, and oxygenation of the blood in the lungs hastens the re¬ 
lease of carbon dioxide. The mechanisms of the acquisition, transport, 
and release of oxygen and carbon dioxide arc therefore remarkably in¬ 
terdependent. 

In addition to the reactions given above, less important ones take 
place: KH 2 P0 4 in the erythrocytes yields some alkali for the neutrali¬ 
zation of carbonic acid, and the plasma proteins resemble hemoglobin 
in that they are combined with alkali, which can be used to neutralize 
acids, such as carbonic, entering the blood. However, it has been shown 
that the plasma proteins are responsible for only about one-tenth of 
the buffer power of blood. 

Work within recent years, reviewed by Roughton, has enlarged our 
knowledge of carbon dioxide transport along two chief lines. In the first 
place it is now definitely known that the reversible reaction 

C0 2 4- H 2 0 H 2 CO, ** H* + HCOj", 

which takes place in the red corpuscles, is catalyzed by the presence 
in them of the enzyme carbonic anhydrase, a zinc-protein coinpoun . 

It has been shown that were this enzyme not present, the taking up an 
giving off of carbon dioxide in respiration, insofar ns this reaction is 
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concerned, would be much too slow for physiological needs. Carbonic 
anhydrase has a fairly wide distribution in nature. It has been demon¬ 
strated in many tissues, but is lacking in some. It is not present in 
tissue lluid or blood plasma. The gastric mucosa, pancreas, and nervous 
system contain considerable amounts, but its significance in these loca¬ 
tions is not clear. Carbonic anhydrase occurs in the kidney cortex and 
is thought to be a part of the mechanism for the formation of acid 
urine. It is present in the oviducts of birds and is believed to be con¬ 
cerned in the formation of egg shells. Sulfanilamide and other sulfona¬ 
mide drugs are inhibitors of carbonic anhydrase. 

In the second place, there is now a mass of evidence which indi¬ 
cates that an important part of the bound carbon dioxide of the blood 
is carried in some form other than bicarbonate or carbonic acid. 
Hemoglobin is one of the substances with which this nonbicarbonate 
quota of carbon dioxide is combined. Thus the view of a number of 
the older investigators that hemoglobin is directly concerned in the 
transport of carbon dioxide is confirmed. The nature of the combina¬ 
tion between carbon dioxide and hemoglobin has been investigated. 
It appears that an NH 2 group of the hemoglobin molecule is the place 
of attachment of the carbon dioxide. The compound is referred to as 
carbamino hemoglobin. The carbamino reaction is very rapid; no 
enzyme is required. The reversible reaction between hemoglobin and 
carbon dioxide may be expressed as follows: 

HHbNH, + CO, HHbNHCOOH. 

Carbamino hemoglobin has less affinity for oxygen than hemo¬ 
globin has. Thus the formation of carbamino hemoglobin in the tissues 
aids in the release of oxygen. The reverse process occurs in the lungs. 

As in the transport of carbon dioxide in the form of bicarbonate, 

each mole of carbon dioxide combined in carbamino form requires 
one equivalent of base. 

The carbamino-bound carbon dioxide accounts for about 20 per 
cent of the total carbon dioxide of the blood. Its significance in 
carbon dioxide transport is therefore very considerable. 


EXCHANGE OP GASES IN THE LUNGS AND TISSUES 

The subjects now to be considered are the exchanges between the 

tween m!' iT^i an<l bl °° d the P ul,non » r y capillaries and be- 
Ucen the blood in the systemic capillaries and the tissues. In the 

In r ° ® xpIanat,on of thc forccs governing these exchanges it is 

ha't H r ° f • 1 , i,T " Si0n ' a " d th ° thc ° r >’ 0f aspiration which hoWs 

diffusion furnishes an adequate explanation is called the physical 
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theory. From the facts about to be presented it will be seen that the 
conditions in the body are such as to make it certain that diffusion oc¬ 
curs. Modern opinion holds, in fact, that diffusion forces are adequate 
to explain the gaseous exchanges both in external and internal 
respiration. 

At one time it was believed by some investigators that the lung 
epithelium secretes oxygen from the alveoli into the blood of the 
pulmonary capillaries, at least at high altitudes, where the environ¬ 
mental oxygen pressure is low (Haldane). It was held that under such 
conditions the oxygen pressure in the arterial blood leaving the lungs 
could be higher than the oxygen pressure in the alveoli of the lungs. 
Many workers have failed to confirm the secretory theory of respira¬ 
tion (see Barcroft, Krogh, Campbell). 

Alveolar Air. In order to calculate the partial pressures of the 
gases in the alveoli of the lungs—the gases to which the blood is ex¬ 
posed—it is necessary to know the composition of alveolar air. This 
may be determined either directly (Haldane) or indirectly by calcu¬ 
lations based on the composition of expired air. 

The direct method is simple in principle. It was devised for applica¬ 
tion to man, although modifications of it have been applied to animals. 
The technic involves the collection of the last portion of expired air. 
This is alveolar air, or, perhaps more precisely, air from the alveolar 
ducts. Its composition is determined by gas analysis. The partial pres¬ 
sures are then calculated. Results so obtained vary somewhat in differ¬ 
ent individuals. In the same individual under the same conditions, 
however, the results are said to be strikingly constant from time to 
time. 

The figures in the table below show the composition and the partial 


pressure of the gases in 

alveolar air of man: 



Composition, 

Partial Pressure, 


per cent 

vim. IIg 

Oxygen 

14 

106 

Carbon dioxide 

5.3 

40 

Nitrogen 

74.5 

567 

Water vapor 

6.2 

47 


Edds has studied the composition of alveolar air of animals (horse, 
cow, sheep, goat, dog) by the direct method. Connection between the 
respiratory passages and the tube for rebreathing was effected by means 
of a mask for the muzzle. Results similar to those just given were 
obtained. There were some differences, however, for which the origina 
paper should be consulted. 
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Several automatic methods for the collection of alveolar air have 
been devised. 

Partial Pressure of Gases in the Blood and Tissues. The partial 
pressure of the gases in alveolar air having been noted, it is next in 
order to inquire into the partial pressures of oxygen and carbon dioxide 


in arterial and venous bloods and in the tissues. 

The difference between the actual amount of a gas in a liquid and 
its partial pressure in the liquid should be kept in mind. Thus the 
amount of oxygen per 100 ml. of arterial blood is 15 to 20 ml., whereas 
the partial pressure of oxygen in arterial blood is about 100 mm. Hg. 

In Arterial and Venous Blood. The direct methods of determining 
the partial pressure of gases in the blood are based on the principle 
that the partial pressure of a gas in a liquid is the same as that of the 
gas in a gaseous mixture with which the liquid is in equilibrium. A 
small bubble of gas is brought into contact with a larger amount of 
blood, and gaseous equilibrium between the bubble and the blood 
is allowed to take place. The bubble, which is small enough not to 
change significantly the partial pressures of the gases in the larger 
volume of blood, is then withdrawn into an apparatus for micro¬ 
analysis of gas and its percentage composition determined. From the 
percentages the partial pressures are calculated. 


For arterial blood the foregoing may be accomplished by insertion 
of a tonometer into the course of the artery. Krogh (1910) devised 
several forms. A T-shaped eannula is inserted into a blood vessel, the 
vertical tube of the cannula communicates with an equilibration cham¬ 
ber, and this in turn with an apparatus for microanalysis of gas. A 
bubble of air is introduced into the chamber, through which some of 
the blood in the eannula is diverted. Diffusion now takes place between 
the gases of the bubble and of the blood. After a few minutes equilib¬ 
rium is established. The bubble is withdrawn from the tonometer 
into the apparatus for microanalysis, where its oxvgcn and carbon 

dioxide percentages are determined. The partial pressures are then 
calculated. 

A more recent method is to obtain a sample of blood by puncture of 
an a cry or the left ventricle by means of an ordinary syringe and 
then to transfer a small amount of the blood to a special syringe for 

bubble' 8 bb ' C ° f a,vco,ar air and rn ' croan alysis of the 


For purposes now under consideration, it is necessary, in the deter- 
nunn ion of the partial pressures of the gases in venous blood, to turn 
oration whose venous blood represents the body as a whole and 
not simply an organ or part of the body. Krogh’s tonometer may be 
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inserted into a pulmonary artery, or samples of mixed venous blood 
may be drawn into a syringe by puncture of the right ventricle or by 
catheterization of the right atrium via a jugular vein. Equilibration 
and analysis proceed as above. 

In Tissues. In modern work the partial pressures of gases in the 
tissues (Campbell) are estimated by injecting a gas (usually nitrogen) 
under the skin or into a body cavity, allowing some days to elapse, 
removing a sample of the gas, and determining its composition in a 
gas-analysis apparatus. From the percentage composition the partial 
pressures are calculated. After a time the gases of the gas depot and 
the gases of the tissues reach equilibrium, and the partial pressures of 
the gases in the depot are considered to be the same as those of the 
gases just outside the body cells. Actually, in this method, the whole 
animal serves as a tonometer. 

Summary. Figures in Table 18 illustrate partial pressures of the 
gases in arterial and venous blood, in the tissues, and in alveolar air 
(p. 202). Venous blood enters the pulmonary capillaries with its oxy¬ 
gen at a partial pressure of 40 to 00 mm. Hg (hemoglobin about 75 
per cent saturated with oxygen) and its carbon dioxide at a partial 
pressure of 40 mm. Hg. Since the partial pressure of oxygen in alveolar 
air is about 100 mm. Hg and that of carbon dioxide 40 mm. Hg, 
diffusion of oxygen will occur from the alveoli to the blood and 
diffusion of carbon dioxide from blood to alveoli. The membrane across 


Tabi.e 18. Partiai. Pressures of Gases in Ai.veoi.ar Air, 

Bi.ood, and Tissues 



o, 

CO, 

N, 

11,0 

Alveolar air. 

Arterial blood. 

Venous blood. 

Tissues. 

mm. Hg 

106 

100 

40-60 

20-40 

mm. Hg 

40 

40 

46 

50 

mm. Hg 
567 

567 

567 

567 

mm. Hg 
47 

47 

47 

47 


(Dnlft from Campbell, 1031.) 


which the exchange occurs is composed of the respiratory epithelium 
(see p. 228, footnote) and the capillary endothelium. The blood coining 
to the lungs therefore loses carbon dioxide and gains oxygen. A given 
particle of blood remains in a pulmonary capillary somewhat less 
than one second. The area of the membrane presented by the alveoli 
and pulmonary capillaries is very great, being many times larger than 
the body surface area. As the arterializcd blood leaves the lungs to c 
pumped out to all parts of the body, its hemoglobin is 97 per cent 
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saturated with oxygen. The partial pressure of oxygen in arterial 
blood is nearly the same as that of oxygen in alveolar air. In the case 
of carbon dioxide the pressures are the same. These facts emphasize 
the nearly perfect gaseous equilibrium that exists between alveolar 
air and arterial blood. The pressure head for the diffusion of carbon 
dioxide in the lungs is much less than that for the diffusion of oxygen. 
This, however, is not a hindrance to the effective diffusion of carbon 
dioxide, since the diffusion rate of carbon dioxide in water and tissues 
is some 25 times that of oxygen. 

On entering the systemic capillaries, the arterial blood encounters 
a region of low oxygen pressure (20 to 40 mm. Hg) and relatively high 
carbon dioxide pressure (50 mm. Hg). Diffusion therefore takes place 
across the capillary endothelium. Oxygen diffuses from erythrocytes to 
plasma, from plasma to tissue fluid, and from tissue fluid to cells. There 
is thus a continuous stream from the store in the red corpuscles to the 
tissues. Carbon dioxide diffuses from cells to tissue fluid, from tissue 
fluid to plasma, and from plasma to red corpuscles. In the plasma and 
erythrocytes it is taken up by the carbon dioxide carriers. 

The partial pressures of nitrogen and water vapor are the same 
(567 mm. Hg and 47 mm. Hg) in alveolar air, blood, and tissues. 

Examination of the data in the table reveals that the total gaseous 
pressures in the blood and tissues are less than in the air. 

Experimental work has shown that the gaseous exchange across 
the placenta takes place by diffusion. 


ANOXIA 

Anoxia 1 is a term used to signify a condition of oxygen want in the 
body. Anoxia is a serious threat to the organism. The biological mecha¬ 
nisms are stopped by anoxia, and if the condition is prolonged the ma¬ 
chinery is severely damaged or completely wrecked. 

Four types of anoxia are generally recognized: (1) Anoxic anoxia, 
in which the arterial blood is insufficiently saturated with oxygen be¬ 
cause of a low partial pressure of oxygen in arterial blood. (2) Anemic 
anoxia, in which there is a decrease in the oxygen capacity of the blood 
because of a shortage of functioning hemoglobin. (3) Stagnant anoxia, 
also known as ischemic anoxia, in which the blood flow through the 
whole organism or a tissue is diminished. (4) Histotoxic anoxia, in 
which the tissue cells are poisoned and therefore cannot make proper 
use of the oxygen supplied to them. 


‘Since the term anoxia literally meana “without oxyjren" aome writer* 

Ano * ernln * or h>P«>*emla. means a deficient amount of oxyeen In the hi a 
Mphyxla should he need for , , ox>pren In the Mood. The term 

dioxide tension In the Mood end ,n ^^-"(Tan U c Te> ^ ,ne " M * 
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Anoxic Anoxia. This condition is characterized by a low partial 
pressure of oxygen in arterial blood, and it therefore affects the body 
as a whole. It is seen at high altitudes, during the breathing of inert 
gases and anesthetics, in pneumonia and other pulmonary conditions 
that interfere with the passage of oxygen into the blood, in failure of 
the respiratory movements, and so forth. 

Anoxic anoxia may be produced experimentally in a number of 
ways: (1) By use of a bag or spirometer for rebreathing air or oxygen 
mixed with an inert gas. The oxygen is used up by the subject and the 
carbon dioxide is absorbed by soda lime or caustic alkali. The volume 
of gas in the bag decreases and the percentage and partial pressure of 
oxygen fall, but the total pressure of the gases remains unchanged. (2) 
By breathing air or oxygen gradually diluted with an inert gas such 
as nitrogen or helium. (3) By use of a chamber in which a low atmos¬ 
pheric pressure can be established by means of an air pump. 

Anemic Anoxia. In this type there is a decrease in the oxygen 
capacity of the blood because of a shortage of functioning hemoglobin. 
The partial pressure of oxygen is normal and the percentage satura¬ 
tion of the hemoglobin that is present is also normal. But an insufficient 
volume of oxygen is delivered to the tissues. Anemic anoxia is seen 
after hemorrhage, in anemias, and in conditions in which a part of the 
hemoglobin is changed to methemoglobin or is combined with carbon 
monoxide. 

Stagnant Anoxia. In this condition the blood flow through the 
whole organism or some part of it is diminished because of general or 
local failure of the circulation. The oxygen content of the arterial blood 
is normal but the tissues fail to receive enough oxygen because of the 
diminished blood flow. In its slow movement through the capillaries 
the blood gives off a larger proportion of its oxygen than normal. Hence 
the venous blood shows a low oxygen content. 

Histotoxic Anoxia. In this form of anoxia the tissues are unable 
to utilize oxygen in the physiological oxidations. The amount and the 
partial pressure of oxygon are normal in arterial blood and, because 
of the failure of the tissues to use oxygen, above normal in venous 
blood. Histotoxic anoxia is typically seen in cyanide poisoning and 
occurs to some extent during the action of alcohol and anesthetics. 

Effects of Anoxia. As regards the rapidity with which anoxia 
develops, three types are distinguished: fulminating, acute, and chronic. 
The effects of anoxia depend to a large extent on the speed with which 
the condition develops. The fulminating type comes on very quickly, 
as when an animal inhales a physiologically inert gas such as nitrogen 
or helium. Under these conditions the oxygen supply in the blood falls 



TRANSPORT OF GASES 


267 


rapidly and unconsciousness occurs in a minute and a half or less. 
Fulminating anoxia is the cause of death in sudden failure of the circu¬ 


lation such as occurs in ventricular fibrillation. 

Acute anoxia is less severe and more slowly developing than the 
foregoing. It may be produced experimentally in several ways (p. 26G). 
Under practical conditions it may occur in people or animals living 
at high altitudes, in mountain climbers, and in aviators. The symp¬ 
toms are not unlike those seen in intoxication from alcohol, which is 
a form of histotoxic anoxia. Acute anoxia probably affects all parts of 
the body, but the central nervous system, heart, and respiratory system 
show the most evident effects. 

Chronic anoxia may be produced by prolonged living at high alti¬ 
tudes. The symptoms resemble fatigue. Chronic mountain sickness 
is the term applied to this condition. After some weeks the physiologi¬ 
cal adjustments and compensations known as acclimatization usually 
occur. 

Further information on anoxia may be found in the monograph by 
Van Liere. Chronic mountain sickness is discussed in a review by 
Monge, and acclimatization to low oxygen pressure is reviewed by 
Stickney and Van Liere. Both of these articles contain information 
pertaining to animals. 


EFFECTS OF OXYGEN AT INCREASED PRESSURE 

Increased pressure of oxygen in a respiratory gas may be brought 
about in several ways: (1) By using hyperoxygenated air or pure 
oxygen at normal barometric pressure. Thus, oxygen pressures up to 
100 per cent of an atmosphere can be attained. (2) By using ordinary 
air under compression. In this way oxygen pressures greater than one 
atmosphere may be produced. (3) By using hyperoxygenated air under 
compression. In this way very high oxygen pressures can be obtained. 

Only the first method will receive further consideration here. It 
might be supposed that the breathing of oxygen under increased pres¬ 
sure (not in excess of one atmosphere) would increase the metabolic 
rate. However the balance of evidence favors the view that the meta¬ 
bolic rate is not a function of the oxygen partial pressure (Bean). Many 
experiments have revealed, however, that continuous breathing for 
some hours of oxygen in concentrations greater than 60 to 70 per cent 
of an atmosphere, at atmospheric pressure, causes pulmonary damage, 
adverse changes in the tissue enzyme systems, other disorders, and 
even death if the exposure is further prolonged (Bean). 

The question of oxygen toxicity has an important bearing on oxy r - 
gen inhalations for therapeutic purposes. Oxygen therapy is often of 
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value in pathological conditions accompanied by reduced rates of oxy¬ 
gen diffusion through the lungs: pulmonary edema, bronchitis, pneu¬ 
monia. It is also useful in carbon monoxide poisoning because the in¬ 


creased partial pressure ol oxygen in the blood aids in the dissociation 
of IlbCO (p. 38). It is evident from the foregoing statements that the 
concentration of oxygen in the respiratory mixture should not be 


greater than GO to 70 per cent ol an atmosphere if the exposure is to 
be long continued. 


PHYSIOLOGICAL OXIDATIONS 


By J. B. Sumner 

flow do living cells cause fats, carbohydrates, and proteins to unite 
with oxygen, whereby energy and heat are produced and carbon dioxide, 
water, and urea are released as end products? Although it has been 
known for many years that living tissues contain enzymes which are 
capable of accelerating the oxidation of gum guaiac, phenols, and aro¬ 
matic amines, nevertheless the chemistry of physiological oxidations 
has not been generally understood until recently. 

Oxidation reactions are reversible and can be spoken of either as 
oxidations or reductions, depending upon the side from which equilib¬ 
rium is being approached. One can define oxidation as a loss of elec¬ 
trons, as addition of oxygen, or as removal of hydrogen. In living 
things oxidation is brought about by enzymes known as oxidases. 
These can be divided into Class I, the aerobic oxidases, or enzymes 
which activate oxygen so that the oxygen is used more or less directly 
to oxidize the substrate, and Class II, the dehydrogenases, or enzymes 
which activate the hydrogen of the oxidizable substance and thus bring 
about its removal. A few examples of both classes are listed below: 


Class I 

Aerobic Oxidases 
Ascorbic acid oxidase 
Cytochrome oxidase 
Polyphenol oxidase 
Tyrosinase 


Class II 
Deh ydrogenases 
Xanthine dehydrogenases 
n-Amino acid oxidase 
Succinic dehydrogenase 
Malic dehydrogenase 
Robison ester dehydrogenase 


Even the aerobic oxidases function in some instances by dehydro¬ 
genating the substrate. Thus the enzyme notatin removes two hydrogen 
atoms from D-glueose, forming gluconic acid and reduced notatin. The 
reduced notatin next reacts with gaseous oxygen to form hydrogen 
peroxide and notatin. The reactive parts of notatin are the flavin 
adenine dinuclcotide prosthetic groups. Expressing only the atoms of 
flavin adenine dinucleotide which react, the whole reaction is 
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I. C 611 lAh 4 



D-glucose Atoms which 

react 


— ( cllioOe 4 



Gluconic 

acid 




4 H,O s 


In addition to the two types of enzymes listed above there exists 
tlie enzyme peroxidase. This resembles the aerobic oxidases but differs 
in the respect of being unable to make use of gaseous oxygen. Peroxi¬ 
dase acts only if hydrogen peroxide, or some other peroxide, is present 
to supply oxygen. Yet another enzyme, catalase, while not an oxidase, 
is closely connected with physiological oxidations, since it has the 
property of destroying hydrogen peroxide, a by-product of many oxi¬ 
dative reactions. By this means cells are protected from injury or 
destruction. 

Some of the aerobic oxidases contain either iron or copper, and their 
ability to transfer gaseous oxygen to their respective substrates is con¬ 
nected with the changes of valence of these heavy metals. These aerobic 
oxidases can be considered to consist of a protein part united with a 
nonprotein part which contains the heavy metal. This prosthetic group 
is of low molecular weight. The dehydrogenases likewise are made up 
of a protein part (apoenzyme) united with a nonprotein part (co¬ 
enzyme) to form the complete enzyme (holoenzyme). In the case of 
the aerobic oxidases the prosthetic groups are rather firmly united with 
the protein components, but with the dehydrogenases the union is 
sometimes so incomplete that the cocnzyme is largely in the free state. 
A few examples are given below: 


Holoenzyme Apoenzyme 

Peroxidase Protein 

D.nphorase Protein 

Alcohol dehydrogenase Protein 

Old yellow enzyme Protein 


Coenzyme 

Henmtin 

Isonlloxazinc adenine 
dinuclcotide 
Codohydrase I 
Riboflavin phosphate 


m ^i? 1,Vi ?f. Cel1 the 0xidizing enzyme acts in conjunction with 
y other oxidizing enzymes as well as various oxygen carriers Ac¬ 
cordingly, each individual enzyme can be likened to a person in a 
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bucket brigade. Oxidation consists of a large number of consecutive 
stages. This is illustrated by the reactions shown below: 

I. Glucose-6-phosphatc + protcin-codehydrase II = phosphohexonic acid + 
protein-reduced codehydrase II. 

II. Protein-reduced codehydrase II + cytochrome + cytochrome reductase = 
protein-eodchydrase 11 + reduced cytochrome + cytochrome reductase. 

III. Reduced cytochrome + cytochrome oxidase + Oj = cytochrome + cyto¬ 
chrome oxidase + 2 ILO. 

Here the dehydrogenase removes hydrogen from glucose-6-phos- 
phate (oxidizablc substance). The hydrogen is then converted into 
hydrogen ions, and electrons are given to cytochrome. The reduced 
cytochrome and the hydrogen ions are then oxidized if gaseous oxygen 
is present. The end products are phosphohexonic acid and water. 

Another illustration of an oxidation is shown below: 

I. Ethyl alcohol + alcohol dehydrogenase (protein-codehydrase I) = acetalde¬ 
hyde + reduced alcohol dehydrogenase. 

II. Reduced alcohol dehydrogenase + diaphorase = alcohol dehydrogenase + 
reduced diaphorase. 

III. Reduced diaphorase + carrier = diaphorase + reduced carrier. 

IV. Reduced carrier + Oj = HjOi + carrier. 

V. H1O3 + catalase = ILO + V2O1 + catalase. 

It can be seen from the reactions written above how water is pro¬ 
duced through the oxidation of metabolites containing hydrogen. How¬ 
ever, these reactions furnish us no clue regarding carbon dioxide forma¬ 
tion. Carbon dioxide is produced through the decarboxylation of car- 
Doxyl groups according to the reaction 

RCOOII = RH + C0 2 . 

Such compounds as pyruvic acid furnish carboxyl groups. After de¬ 
carboxylation has taken place, the residue in certain cases may go 
through a complicated series of reactions, known ns the “Krebs cycle, 
whereby new carboxyl groups are produced and then decarboxylated. 

At first sight there would appear to be no great similarity between 
the oxidative mechanisms of higher animals, yeast cells, and bacteria. 
However, closer investigation shows that these three types of life all 
possess practically the same enzyme systems and that these systems 
catalyze many reactions which arc identical, no matter whether the 
host is man or a microorganism. Thus glycogen and inorganic phos 
phate undergo one reaction after another until pyruvic acid is forme 
This compound is converted by the yeast cell to alcohol and car ° n 
dioxide. It is changed by lactic acid bacteria to lactic acid. ig er 
animals form lactic acid, provided they are not obtaining enough oxy 
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gen from an outside source. If enough oxygen is available, higher 
animals oxidize pyruvic acid to carbon dioxide and water. Lactic acid 
formation, spoken of as glycolysis, is reversible, and lactic acid is 
readily converted into glycogen. 

The reactions which occur when organisms break down glycogen 
or starch to carbon dioxide and water are shown below: 



glycogen or starch 

^ I (phosphorylase) 
glucose-1-phosphate 

t ^(glucose phospl.oim.tase plus Mg”, Mr.” , or Ca* + ) 
glucose-6-phosphate 

^ I (phosphohexoisomerase) 
fructose-6-phosphate 

^ ^P^ os P^ )a l asc plus adenosine triphosphate) 
fructose-1: 6-diphosphate 


dihydroxyacetone 
phosphate 


(d)-3-phosphoglyeeric aldehyde 


(isomerase) 


co a -f H 2 0 


■ « 

(d)-l: 3-diphosphoglyceric aldehyde 
(cl)-1: 3-diphosphoglyceric acid 

n 

(d)-3-phosphoglyceric acid 
jj( phosphoglyceromutase) 
(d)-3-phosphoglyceric acid 
A j(enolase) 

enol phosphopyruvic acid 

Mg 4 * and adenosine diphosphate or 
adenylic acid) 

pyruvate 
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It should be stated that phosphorylase forms amylose reversibly 
from glucosc-G-phosphate. The amylose is converted into amylopectin 
m plants and to glycogen in animals. These two processes are brought 

about by specific Q enzymes. The Q enzyme does this by adding branch¬ 
ing chains to amylose. 

In older to synthesize glycogen from glucose it is necessary that the 
G-phosphatc be formed first. Ibis reaction is brought about by the 
enz} me known as hexokinase in the presence of adenosine triphosphate. 

I he latter compound supplies the necessary energy as well as the neces¬ 
sary phosphate (p. 523). 

1 he energy which is liberated during glycolysis and by oxidation 
is stored by living cells in the form of certain compounds of phos- 
phorus which are spoken of as high-energy phosphates. Some of these 
aie phosphocreatine, adenosine triphosphate, and phospoenol pyruvate. 
When the organism requires energy for muscular contraction, for 
absoiption, for secretion, or for the synthesis of some compound, these 
high-energy phosphates lose some or all of their phosphate and furnish 

the required energy. Later, they are re-formed. (See also pp. 526 and 
708.) 

Under anaerobic conditions pyruvic acid may be reduced to lactic 
acid. In the yeast cell pyruvic acid is decarboxylated by the enzyme 
carboxylase, as shown in the following reaction: 

CH.COCOOH = CH 3 CHO + C0 2 . 

The acetaldehyde thus formed is reduced to ethyl alcohol: 

CH 3 CHO + 2H = CIUCILOIT. 

Lather recently information has been gained respecting the mecha¬ 
nism of pyruvate oxidation. In some bacteria the reaction is: 

I. CHz CII 3 


0=0 DPN -f ASH = 0=0 + DPNH 2 4- C0 2 


COO II 


SA 


Reduced 


Pyruvic Coenzyme Coenzyme Acetyl 
acid I A Co.A coenzyme 


11. cir, ch, 

0=0 4- DPNIIo = i 


O 4- Dr 

COOII 

Pyruvic Reduced 
acid coenzyme I 


A 


IIOII -f DPN 


OOII 

Lactic Coenzyme I 
acid 
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In the tissues of higher animals pyruvic acid forms acetyl coenzyme 
A, which then participates in the citric acid cycle as follows: 

cooii coon 

cn 2 on 

I -HI + 
c=o c—on 

coon coon 

Oxalaectie K110I form 
acid 

One of the most interesting of the recent discoveries in enzyme 
chemistry has disclosed the connection between oxidizing enzymes and 
vitamins. Unlike the plant, the animal is not always able to synthesize 
the nonprotein components (coenzymes) of certain oxidizing enzymes. 
Accordingly these must be supplied in the diet and formed from cer¬ 
tain vitamins. Vitamin B,, or thiamine, after phosphorylation in the 
cells, is identical with cocarboxylase, which unites with a specific pro¬ 
tein to form the enzyme carboxylase. Riboflavin, a component of the 
vitamin-B complex, is employed by animals to manufacture some 
twelve or more yellow enzymes, so called because they possess a yellow 
color (diaphorase, old yellow enzyme, xanthine oxidase, etc.). Another 
component of the vitamin-B complex, nicotinic acid amide, is needed 
for the synthesis of codehydrase I and codehydrase II. These two 

coenzymes can unite with some forty specific proteins to produce 
oxidizing enzymes. 




i'll* 

H.O + C=0 
/ 

SA 


(II.. 

I 

C 


Oil + ASH 
Coon 


CH, 


Acetyl 
coenzvmo A 


COOII 

Citric 

acid 


Coonzvme A 



Chapter X 

REGULATION OF RESPIRATION; 
RESPIRATION IN BIRDS 


REGULATION OF RESPIRATION 

T HE Respiratory Center. The numerous respiratory muscles—some 
inspiratory, some expiratory—belong to the skeletal group. They 
function rhythmically and harmoniously in producing the movements 
of respiration. The perfect co-ordination, under normal conditions, of so 
many muscles indicates the existence of a supreme nervous regulating 
mechanism, a respiratory center. Such a center has been located ex¬ 
perimentally in the brain-stem. Section of the spinal cord just below 
the origin of the phrenic nerves paralyzes the intercostal and ab¬ 
dominal muscles but does not interfere with the action of the dia¬ 
phragm. Section of the cord just below the medulla oblongata paralyzes 
the intercostal and abdominal muscles and the diaphragm, and the ani¬ 
mal dies of asphyxia. Section of the brain-stem above the medulla 
causes little change in the respiratory movements. Evidently the res¬ 
piratory center lies somewhere between the upper and lower limits of 
the medulla oblongata. Many workers have attempted to define more 
closely the location of the nerve cells constituting the center or centers. 

Experiments of Pitts, Magoun, and Ranson (see also Pitts, 1946) 
are an important contribution to our knowledge of the location, com¬ 
ponents, and interrelations of the respiratory centers. They explored 
the medulla of the cat by means of stimulating electrodes inserted 
into the medullary substance at numerous places. The tests of response 
to stimulation were changes in the respiratory movements. Numerous 
points were found from which inspiratory responses could be obtained. 
Likewise many points were located which gave expiratory responses. 
The inspiratory center of the cat—as judged by the respiratory re¬ 
sponses to stimulation—is located in the ventral reticular formation 
of the medulla just over the anterior four-fifths of the posterior olive. 
The expiratory center is located in a region of the dorsal reticular 
formation dorsal to, slightly anterior to, and cupped over the ante- 
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rior end of, the inspiratory center. The centers are bilaterally situ¬ 
ated in the medulla, but there are connections between the halves 
across the midlinc. Each half of the center is in connection with the 
respiratory motor neurons on both sides of the spinal cord. Thus co¬ 
ordinate contraction of the respiratory muscles on the two sides of the 
body can occur. Using external landmarks to define the limits of the 
center, one finds that it underlies the posterior third of the floor of 
the fourth ventricle from the posterior borders of the auditory tubercles 
to the obex (Pitts). It is estimated that each part (inspiratory, ex¬ 
piratory) of the center of the cat occupies some 30 to 50 cu. mm. of 
the reticular formation. 

It may be pointed out that the studies just mentioned and other 
modern work do not support the old view that the respiratory center 
is a sharply localized structure; it is rather diffusely scattered in the 


Fig. 86. —Dorsal view of the medulla 
oldongata of the sheep to show regions 
giving expiratory response (vertical 
lines) and inspiratory response (stip¬ 
pling) to electrical stimulation. The 
electrodes were mounted in a stereo¬ 
taxic apparatus. The regions are pro¬ 
jected onto the floor of the fourth 
ventricle. V, tuberculum cincreum; 
CN, cuneate nucleus; AT, acoustic 
tubercle; RB, restiform body; BC, 
brachium conjunctivum; BP, brachi- 
um pontis; IC, posterior colliculus; 
SC anterior colliculus. (From Amo¬ 
roso, Bell, and Rosenberg, Proceedings 
of Royal Society [London!, 1951, 
139IBL) 



reticular formation. Nevertheless there are abundant interncuronal con¬ 
nections between the different parts of each center and between the two 
centers. The connections within a center are excitatory, enabling a 
large number of respiratory muscles on both sides of the body to con¬ 
tract. The connections between the centers are inhibitory, providing for 
central inhibition of the expiratory muscles while the inspiratory 
muscles are contracting, and the inhibition of the inspiratory muscles 
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while the expiratory ones are contracting. In eupneic breathing most of 
the expiratory muscles are inactive (p. 232). 

Axons of the neurons of the respiratory center transmit nerve im¬ 
pulses to the cranial and spinal motor neurons of the numerous muscles 
concerned in respiration. 

The location of the respiratory center in the cat is similar to its 
location in the dog as determined by the work of Gesell, Bricker, and 
Magee, and the same generalization apparently holds for primates. 

Recent work on the location of the respiratory “regions" in the 
medulla oblongata of the sheep has been done by Amoroso, Bell, and 
Rosenberg. The medulla was explored by electrical stimulation to 
determine points giving respiratory responses. Inspiratory and expira¬ 
tory apnea were the responses looked for. As in other species, the 
points are located in the reticular formation of the medulla. They 
extend from the level of the acoustic tubercles to a level just behind 
the obex. Inspiratory and expiratory regions were clearly evident from 
the responses (Fig. 80). The expiratory region lies dorsal, anterior, 
and lateral to the inspiratory, and it is larger than the latter. This 
study shows that the location of the respiratory region in the sheep is 
similar to the location of the region in other species and that its divi¬ 
sion into inspiratory and expiratory portions conforms to the condition 
found in other species in which the division has been accomplished. 

Rhythmic Activity of the Respiratory Center. The nerve cells 
that make up the respiratory center show two kinds of rhythmic 
activity. One has to do with the repetitive discharge, or firing, of in¬ 
dividual neurons. The other is concerned with the rhythmic changes 
in the frequency of firing which produce rhythmic breathing. 

Repetitive Discharge of Nerve Impulses. The nerve cells of the 
respiratory center, like all cells, arc affected by their chemical environ¬ 
ment. The cells of the respiratory center, however, show a special 
sensitivity to the partial pressure of carbon dioxide in the arterial 
blood reaching them. When this pressure rises, the nerve cells respond 
by sending out nerve impulses at a greater frequency. Other changes 
in arterial blood that are thought to affect the nerve cells of the res¬ 
piratory center are hydrogen ion concentration, oxygen partial pres¬ 
sure, temperature, and rate of flow. As well as being affected by their 
chemical environment, the cells of the respiratory center, like other 
nerve cells, are stimulated by nerve impulses reaching them from 
various sources. Thus nerve impulses from many parts of the body, 
including levels of the central nervous system above the medulla, reach 
and excite the neurons of the respiratory center. As a result of all o 
these stimuli, chemical and nervous, the neurons of the respiratory 
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center fire repetitively. If the stimulus is increased, the frequency of 
firing of individual cells is increased, the duration of the trains of 
impulses is lengthened, and more cells are recruited, or brought into 
activity. In the normal regulation of respiration, the operation of this 
mechanism is believed to account for changes in the depth of respira¬ 
tion. 

Gejiesis of Rhythmic Breathing. According to one view, rhythmic 
breathing is a manifestation of an inherent automaticity of the neurons 
of the respiratory center. When the center is freed from the influence 
of all afferent nerve impulses, it continues to send out rhythmic bursts 
of nerve impulses to the respiratory muscles because of some basic 
ability which it possesses of discharging rhythmically. According to 
another view, the rhythm of respiration is imposed upon the respira¬ 
tory center by inhibitory influences arising from mechanisms outside 
the center. One of these is the vagal inhibitory mechanism, the other 
a pontile inhibitory mechanism known as the pneumotaxic center. The 
latter point of view is the one which appears to have more in its favor 
at the present time (Pitts). This view is the more widely accepted and 
will be favored here. Attention is, however, drawn to recent work again 
supporting the other view, namely, that the medullary respiratory cen¬ 
ters have an inherent periodicity, regulated by other areas of the brain¬ 
stem (Hoff and Breckenridge, Breckenridgc and Iloff). 

Vagal Control of Respiration. The afferent nerve that has the 
most striking effect on the respiratory center is the vagus. Alternate 
expansion and collapse of the lungs stimulate mechanically nerve end¬ 
ings (visceroceptors) located in the depths of the lungs (in the walls of 
the respiratory bronchioles, alveolar ducts, atria, alveolar sacs, and 
alveoli), and the nerve impulses so generated arc transmitted to the 
respiratory center via the vagi. These impulses accelerate the rate of 
breathing, decrease the amplitude of breathing, and, in co-operation 
with nerve impulses descending from the pneumotaxic center in the 
pons to the respiratory center in the medulla, convert the repetitive 
discharges of the respiratory center into rhythmic breathing. 

Inflation of the lungs stimulates inflation receptors in the lungs. 
These arc of two kinds. (1) Moderate inflation of the lungs in eupnea 
stimulates receptors which give rise to nerve impulses that inhibit the 
inspiratory center and stimulate the expiratory center. Since in ordi¬ 
nary breathing expiration is mainly passive, the principal effect of 
these impulses is to inhibit the inspiratory center. In hyperpnea these 
receptors are stimulated to a greater extent and expiration becomes 
more active. This general reflex has been designated as an inspiratory- 
inhibitory reflex. (2) In the marked inflation of the lungs seen in 
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hyperpnea, a second type of inflation receptor is stimulated. Tliis gives 
rise to nerve impulses which stimulate the inspiratory center, thus 
providing additional muscular contraction for the deep inspiration. 
Phis has been designated as an inspiratory-excitatory reflex. This reflex 
probably is unimportant in eupnea. 

Deflation of the lungs in hyperpnea stimulates deflation receptors, 
which give rise to nerve impulses that cause the next inspiration to 
begin earlier and to be more forcible than would be the case if the 
receptors were not present. These receptors are not stimulated in 
eupnea. This reflex may be designated as an inspiratory reflex. 

These reflexes were first studied by Hering and Breuer, in 18G8, 
and they arc usually designated as Hering-Breuer reflexes. They have 
been extensively studied in recent years by a number of investigators 
who used modern electrical devices to detect the tiny potential changes 
that accompany the passage of the nerve impulses. 

Abolition of the Hering-Breuer reflexes is readily accomplished by 
vagotomy. Transection of one vagus usually rcsidts in slowing and 
deepening of respirations. Transection of both vagi causes the response 
to be more pronounced. Prolongation of the inspiratory phase of res¬ 
piration accounts for most of the slowing. Deepening of respiration is 
explained by the prolongation of the discharge of nerve impulses from 
the inspiratory center to the respiratory muscles, the greater frequency 
of discharge of the individual neurons, and the recruitment of addi¬ 
tional neurons. The deepening of inspiration and the slowing of breath¬ 
ing therefore result from cutting off the inspiratory-inhibitory impulses 
from the lungs. 

Effects of Stimulation of the Central End of a Vagus Nerve on 
Respiration. The vagi contain not only the afferent nerve fibers con¬ 
cerned in the Hering-Breuer reflexes but also other afferent fibers that 
can affect the respiratory center, for example, fibers from baroceptors 
in the aorta and from ehcmorcceptors in the aortic bodies. Conse¬ 
quently stimulation of the central end of a vagus nerve will give 
results that depend on the fibers that arc predominantly stimulated. 

Tn general, however, stimuli of low intensity and low frequency tend 
to increase the rate and depth of respiration, whereas stimuli of high 
intensity and high frequency tend to inhibit respiration in the expira¬ 
tory phase (Pitts). 

Pneumotaxic Center. Rhythmic breathing is largely the result of 
the periodic inhibition of inspiration by afferent vagal impulses arising 
in receptors stimulated by expansion of the lungs. However, an anima 
will continue to breathe rhythmically, although more slowly and more 
deeply, even after both vagi are transected. Some additional mec a 
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msm must be capable of causing rhythmic respirations after the vagal 
drive has been removed. One view that has been widely held is that 
the neurons of the respiratory center possess a fundamental autoin- 
aticity whereby they discharge rhythmically repeated trains of im¬ 
pulses to the respiratory muscles. The other view, which appears to 
have more support, is that an inhibitory center exists in the pons 
capable of periodically inhibiting the respiratory center and producing 
expiration. This center was designated by Lumsden as the pneumotaxic 
center. It is a bilateral center. During inspiration impulses pass from 
the inspiratory center to the pneumotaxic center. This in turn sends 
impulses to the inspiratory center which is inhibited. The decline in 
activity of the inspiratory center is followed by expiration. Presently 
the inspiratory center regains its activity and inspiration occurs. The 
pneumotaxic mechanism is similar to the vagal mechanism in its in¬ 
hibitory effect on inspiration. When the vagi are cut, rhythmic breath¬ 
ing continues, more slowly and more deeply, under the influence of the 
pneumotaxic center. When the latter is separated from the medulla in 
the vagotomized animal, rhythmic breathing stops in the stage of 
deep inspiration. When the pneumotaxic center is separated from the 
medulla in an animal with intact vagus, breathing continues in an 
essentially normal fashion. But when the vagi are cut, rhythmic 
breathing stops in deep inspiration. 

In cupneic breathing the vagal inhibitory mechanism is of more 
importance, the pneumotaxic mechanism being subsidiary. When the 
body temperature rises, however, the pneumotaxic center becomes 
dominant and rapid breathing (polypnea), little affected by bilateral 
vagal transection, occurs. (In birds, however, bilateral vagotomy 
abolishes panting—p. 288.) It is believed that impulses from the heat 
center in the hypothalamus lower the threshold of the pneumotaxic 

center and cause it to respond more fully to impulses from the inspira¬ 
tory center. 

Chemical Control of Respiration. Changes in the chemical com¬ 
position of arterial blood influence the respiratory center in two ways. 
(1) The cells of the respiratory center respond directly to changes in 
the chemical composition of the arterial blood reaching them. (2) The 
aortic and carotid bodies contain chemoreccptors which respond to 
certain chemical changes in their environment, arterial blood. 

Direct Chemical Control of the Respiratory Center. Among the 
possible stimuli that have been the subject of discussion and experi¬ 
ment arc the partial pressure of carbon dioxide in the arterial blood 
reaching the respiratory center, the hydrogen ion concentration of the 
blood, and the hydrogen ion concentration of the cells of the respira- 
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tory center itself (Gesell, 1925). In recent years the last-mentioned 
theory was the most widely accepted. It appeared very logical and in 
keeping with a good deal of evidence, admittedly indirect, to relate 
the chemical stimulus of the respiratory center to the acid products 
(carbon dioxide, lactic acid) of its own metabolism. But now the bal¬ 
ance of evidence, based on new work, points again to an earlier theory 
that carbon dioxide in the blood is the chemical stimulus of the center. 
Apparently the center responds much more vigorously to changes in 
the partial pressure of carbon dioxide in the blood than to changes in 
the hydrogen ion concentration of the blood. 

Respiratory Chemorejlexes from the Carotid and Aortic Bodies. 

I he carotid and aortic bodies are cell groups or nodules situated in 
close association with, respectively, the carotid arteries near their bi¬ 
furcation and the aortic arch. They contain receptors (chemoreceptors, 
chemoceptors) which respond to certain chemical changes in their 
environment, arterial blood. The nerve fibers from receptors in the 
carotid bodies pass to the central nervous system in the sinus nerve, 
which is a branch of the glossopharyngeal (p. 138). The nerve fibers 
from the aortic body reach the central nervous system in the vagi. 
The chemoreceptors in the aortic and carotid bodies function simi¬ 
larly. W1 ion activity of the receptors is increased, the respiratory cen¬ 
ter is stimulated. The centers in the medulla concerned in the regula¬ 
tion of the circulation arc also stimulated during increased activity of 
the chemoreceptors of the aortic and carotid bodies (p. 211). 

Much work has been done on the nature of the stimulus to the 
chemoreceptors. There is general agreement that the following three 
chemical factors are capable of stimulating them (Schmidt and Corn- 
roe; Schmidt, 1945): anoxemia, increase in the partial pressure of 
carbon dioxide in the blood (hypercapnia), decreases in pH. There is 
evidence that the most important function of the chemoreceptors in the 
regulation of respiration is to bring about the hyperpnea that accom¬ 
panies anoxemia. In anoxemia the chemoreceptors are stimulated and 
send nerve impulses to the respiratory center increasing its activity. 
Thus the partial pressure of oxygen in the alveolar air would be in¬ 
creased. In normal human subjects the hyperpnea of anoxia is not 
marked even at altitudes of 15,000 feet, but at higher altitudes the 
hyperpnea quickly becomes more pronounced (Schmidt, 1945). fhc 
chemoreceptors arc very resistant to adverse environmental conditions 
that interfere with the functioning of the cells of the respiratory center. 
Thus they are able to supply powerful stimuli to the center when it 
has lost its responsiveness to its ordinary stimuli. 
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As to the other two factors, hypercapnia and decrease in pH, there 
is evidence that the receptors are so insensitive to them that their 
effect in the regulation of respiration via the carotid and aortic bodies 
is, in ordinary breathing, unimportant. So far as hypercapnia is con¬ 
cerned, the respiratory center is much more responsive to it than are 
the chemoreceptors. However, under unusual conditions in which the 
pH of the blood falls or hypercapnia develops, effective stimulation of 
the chemoreceptors may occur. 

Respiratory chemorefiex function in the sheep fetus develops at 
the age of 60 to 70 days (Barcroft and Karvonen). 

It is probable that chemoreceptors exist also at various levels of 
the respiratory apparatus. These might oe more important than the 
ones in the carotid and aortic bodies (Pi-Suner). 

Additional Nervous Factors in the Control of Respiration. Two 
important reflex effects on respiration have already been discussed, 
namely, the Ilering-Breuer vagal reflexes and the chemoreflexes from 
the aortic and carotid bodies. It now remains to consider the follow¬ 
ing additional nervous factors in the regulation of respiration: respira¬ 
tory reflexes from the carotid sinus and aorta, respiratory reflexes of a 
protective nature, the hyperpnea of muscular exercise, and the vol¬ 
untary control of breathing. 

Respiratory Reflexes from the Carotid Sinus and Aorta. The effect 
of piessure receptors situated in the wall of the carotid sinus and the 
aorta in the regulation of the circulation is discussed elsewhere (p. 
137). The same receptors are of some importance in the regulation of 
respiration. When stimulated (by an increase of blood pressure in 
their corresponding arteries), they cause a reflex inhibition of respira¬ 
tion. It is believed that these receptors discharge nerve impulses at 
low frequencies when the blood pressure is at ordinary levels. A fall in 
blood pressure causes hyperpnea, due principally to a cessation of 
inhibitory impulses normally passing to the respiratory center from 
these receptors. The question of the importance of the pressure recep¬ 
tors in the regulation of respiration in the normal organism is un¬ 
settled. The chemoreceptors are thought to be more important than the 
pressure receptors. 


Respiratory Reflexes of a Protective Nature. Stimulation of af¬ 
ferent fibers in many nerves affects the depth and frequency of the 
respirations. Stimulation of nerve fibers with receptors in the skin, 
in lightly anesthetized animals, causes an increase in both depth and 

i^„r Ca | thm fv. U U bel '‘ CVed that the fibers cansin E this response 
identical with certain types of pain fibers. The hyperpnea. and 
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the rise of blood pressure that usually accompanies the stimulation, 
would in unanesthetized animals be useful in the “fight or flight” 

responses. 

A number of respiratory reflexes take place from the upper air pas¬ 
sages. The mucous membranes of the pharynx, larynx, and trachea are 
supplied with sensation by the glossopharyngeal, anterior laryngeal, 
and recurrent nerves, respectively. The nasal mucous membrane is 
supplied by the trigeminal nerve. Stimulation of the mucous mem¬ 
brane in these regions, or stimulation of the nerves that supply the 
mucous membrane, causes reflex inhibition of respiration, usually in 
the expiratory position. A striking example of this is seen in the in¬ 
hibition of respiration that occurs during swallowing. This inhibition 
is brought about normally by afferent fibers in the glossopharyngeal 
nerve. A special example is seen in diving birds and mammals; sub¬ 
mergence of the head under water causes reflex inhibition of breathing. 
Stimulation of the mucous membrane of the larynx in the unanesthe¬ 
tized animal not only causes inhibition of respiration but, usually, also 
powerful expiratory efforts (coughing). Similarly stimulation of the 
nasal mucous membrane frequently leads to sneezing. Obviously the 
function of all these reflexes is to protect the delicate respiratory pas¬ 
sages and the depths of the lungs from harmful substances (irritating 
gases, dust, food particles) that otherwise might be inspired. To make 
the protection more certain, the glottis is closed and the bronchi may 
be constricted. 

Hyperpnea of Exercise and Multiple-Factor Theory of Ventilation 

Control. It is well known that muscular exercise leads to hyperpnea 

with a consequent increase in the total pulmonary ventilation, which 

is nicely adjusted to the metabolic needs of the body. It used to he 

thought that an increase in the chemical stimulus of the respiratory 

center, brought about by the increased metabolism accompanying the 

* • 

muscular effort, was the cause of the hyperpnea. But recent experi¬ 
ments show that the hyperpnea is often very much greater than can 
be accounted for by the increase of any identifiable chemical stimulus 
(carbon dioxide, pH) in the blood. In one group of experiments on 
men the maximum ventilation that could be obtained by inhalation 
of carbon dioxide was 50 to 00 liters per minute, whereas during ex¬ 
ercise these subjects could attain a pulmonary ventilation of twice that 
amount. Recent work, summarized by Comroe, indicates that reflexes 
acting on the respiratory center are more important in the hyperpnea 
of exercise.than are chemical stimuli acting directly on the center or 
on the chemoreceptors. A source of afferent stimuli in exercise may he 
the limbs themselves. Other possible factors operating in the hyperpnea 
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of exercise are pH changes affecting the chemoreceptors or the 
respiratory center, adrenaline release, elevation of temperature, a rise 
of pressure in the great veins and right atrium, and motor discharges 
from the higher brain centers. 

A multiple-factor theory of the control of respiratory ventilation 
has been proposed by Gray. It postulates that, not a unique chemical 
agent, but a number of chemical agents and other stimuli independ¬ 
ently affect respiration “and that the net ventilation under any given 
condition is determined by the sum of the partial effects of the 
separate agents.” Gray proposes a “chemical ventilation equation” 
which describes quantitatively the partial effects of the three well- 
recognized chemical stimuli—hydrogen ion concentration, carbon di¬ 
oxide pressure, and oxygen pressure—of arterial blood on ventilation 
rate in the steady state. The ventilation rate is the algebraic sum of 
the partial effects of the three agents. It has been dcmonstatcd that 
the hyperpnea of exercise, and the increased ventilation that it entails, 
cannot be accounted for on the basis of the action of the chemical 
stimuli alone. An additional stimulus, an exercise stimulus, must be 
assumed, but present evidence does not allow conclusions as to the 
nature of this stimulus or the pathway (nervous, humoral) through 
which which it exerts its effect (Grodins). The action of the stimulus 
is directly proportional to the metabolic rate. It does not appear to 
be exclusively humoral or exclusively nervous. Temperature may be 
a factor. 

It should be noted, of course, that the stimuli of breathing just 
described operate ultimately through the basic neural mechanisms, 
which include the respiratory center, the vagal reflex mechanism, and 
the pncumotaxic center. 

The rate of pulmonary ventilation does not fall to its resting level 
as soon as muscular work subsides. It continues at a higher level for 
a time, only gradually returning to normal. The time required for the 
return depends on the amount of muscular exercise taken and the con¬ 
dition of the subject; where the work performed is light and the subject 
is in good training the return is rapid. The lag in the return of the 
pulmonary ventilation to the resting level indicates that the metabolic 

rate of the organism remains at a higher level for a time following the 
exercise. 

Voluntary Control of Breathing. Ordinarily respirations proceed 
quite involuntarily. However, it is a matter of everyday experience 
that they may be altered within wide limits voluntarily; they may be 
hastened, slowed, or stopped altogether, for a while. If respirations are 
entirely inhibited voluntarily, that is, if the breath is held, there soon 
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comes a time when the individual must breathe again; the cells of the 
respiratory center escape from the inhibition. 

Phonation and related acts, and the use of the abdominal press in 
the expulsive acts of defecation, urination, and parturition, are all 
examples of more or less complete voluntary control of the respiratory 
(chiefly expiratory) movements. These acts, however, are not con¬ 
cerned in the gaseous exchange between the organism and its en¬ 
vironment but are secondary uses to which the respiratory apparatus 
may be put. 

Definite areas have been located in the cerebral cortex whose elec¬ 
trical stimulation causes excitatory and inhibitory alterations in the 
respiratory movements. In this way the respiratory center can be 
brought under the control of the cortex (Smith, 1936). 

Some Respiratory Reflexes in the Pig, Sheep, and Goat. A limited 
number of observations on respiratory reflexes in the pig have been 



Fia. 87. — Effect of stimulation of central end of vagus nerve on respiration (in the 
pig). The downstroke indicates inspiration. I—i indicates the duration of the sttmu 
lus. 
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reported by Dukes and Sehwarte. The anesthetic used was urethane or 
ether. Tightly tying (crushing) the vagus nerves gave inconstant results 
on respiration. No general conclusion could be drawn. Stimulation of 
the central end of the vagus nerve gave as the prevailing response 
complete inhibition ot respiration; this was especially true for the left 
nerve. But other responses were common. Stimulation of the central 


end of the sciatic nerve gave many kinds of responses. Negative results 


were not uncommon. Occlusion of both carotid arteries caused little or 
no eflect on breathing. A response to stimulation of the central end of a 
vagus nerve in the pig is shown in Fig. 87. 


Fig. 88 —Effect of stimulation 
of central end of right vagus 
on respiration (above) and 
blood pressure of a sheep. Coil 
distance, 5 crn. Downstroke in¬ 
dicates inspiration. The time 
tracing indicates intervals of 2 
sec. Chloral hydrate and ether 
anesthesia. (From Rangsit, Ex¬ 
periments on the Cardiovascu¬ 
lar, Respiratory, and Secretory 
Mechanisms of the Sheep, 
thesis, Cornell, 1941.) 



Some observations on respiratory reflexes in sheep (anesthetized) 
have been made by Rangsit. Tightly tying the left vagus nerve usually 
caused slower and deeper respirations. Weak stimulation of the central 

,. , ,. Va,?us n , m ' e often produced a cough reflex. Strong stimula¬ 

tion usually caused inhibition of breathing. Stimulation of the centra! 
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end of the sciatic nerve gave inconstant results on respiration. Burlage 
lias reported a few observations on the nervous control of respiration 
in sheep. A response to stimulation of the central end of a vagus nerve 
on respiration in a sheep is shown in Fig. 88. 

A marked postural polypnea in goats kept at ordinary room tem¬ 
perature in the dorsal recumbent position has been observed by Green¬ 
berg, Petersen, and Visscher. Exposing the polypneic animals to a 
cold environment caused a prompt decrease in the respiratory rate. 

Onset of Respiration at Birth. The lungs of the fetus are, so 
far as gaseous exchange is concerned, nonfunctional. After birth they 
take over this function. Although the fetus does not breathe through 
the lungs, it nevertheless makes respiratory movements in the uterus. 
This has been shown to be true in a number of species (Snyder and 
Rosenfcld). The respiratory center of the fetus is therefore not in a 
state of apnea, at least throughout gestation. Sheep fetuses in the 
second half of the gestation period show an inhibition of the respiratory 
nervous mechanism. This is associated with the development of func¬ 
tion in parts of the brain rostral to the pons. The inhibition disappears 
at birth and spontaneous breathing begins. An advantage to the fetus 
of the inhibition of breathing is that fluids are not inspired by the 

fetus near term (Barcroft and Karvonen). 

The question arises as to what starts the respiratory movements at 
birth. It is probable that factors of importance are the hypercapnia and 
anoxia that develop following failure of the placental circulation. 
Thermal and tactile stimuli from the skin as well as proprioceptive 
stimuli from the now-active limbs probably help. The importance of 
cutaneous sensory stimuli is emphasized in studies on sheep fetuses 

(Barcroft and Karvonen). 

RESPIRATION IN BIRDS 

The lungs of birds are small. They are situated in the dorsal part 
of the thoracic cavity and adhere rather firmly to its wall. Seyera 
of the ribs make deep impressions in the lungs. The structure of c 
lungs is different from that of mammals. Alveoli in the ordinary sense 
are absent, the air apparently coming, by way of the air capillaries, 
into direct contact with the endothelium of the pulmonary blood cap 
laries. The bronchial system is quite different from that, of 
mals. Certain of the large bronchi pass through the lungs to tc |' r " 1 ™ 
in the air sacs. Other features of the bronchial system are no c( e • 

These museoserous sacs may be regarded as continuations o 
bronchi beyond the lungs. Nine air sacs are recognized. T ic erm 
ology differs among different investigators. Following is the c assi 
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tion of McLeod and Wagers: thoracocervical, anterior thoracic, pos¬ 
terior thoracic, lesser abdominal, greater abdominal. All of the air sacs 
are paired except the anterior thoracic. The walls of the air sacs are 
thin and have a poor blood supply. It is believed that no significant 
amount of gaseous exchange occurs through their walls. The air sacs, 
much more than the lungs, change in volume with the respirations. 
They have a bellowslike action, air passing into and out of them via 
the lungs. Thus they increase pulmonary ventilation. 

Alany of the bones of birds are pneumatic and communicate with 
the system of air sacs. Some species, however, do not possess pneumatic 
bones. There seems to be little relationship between the presence or 
absence of pneumatic bones and ability to fly (Sturkie). 

Arising mainly from the abdominal air sacs, but also to some ex¬ 
tent from the others, are the recurrent bronchi. They penetrate the 
lung parenchyma and anastomose with the main bronchial system. Air 
passing to the greater abdominal sacs apparently undergoes but little 
gaseous exchange on its way through the lungs. Air going to the other 
air sacs is submitted to a variable degree of gaseous exchange on its 
way through the lungs. There is thus some gaseous exchange in the 
bird during inspiration. However, analysis of the gases of the air sacs 
and observations of the distribution of radiopaque dust in the airways 
indicate that most of the gaseous exchange occurs on expiration dur¬ 
ing the passage of the air from the air sacs through the recurrent 
bronchi into the lung substance (Graham), where they anastomose 
with the main bronchial system. 

HazelhofT studied the structure and function of the lungs of birds 
by experiments made on recently killed specimens and by means of 
glass models. He concluded that the movement of air in the system 
of dorsobronchi, parabronchi, and ventrobronchi (d-p-v system) is in 
the same direction in both inspiration and expiration. An aerodynamic 
explanation of the direction of flow is given. The d-p-v system makes 
up much the greater part of the bird’s lung, and the air capillaries 
branch off the parabronchi. Exchange of gases between the para¬ 
bronchi and the air capillaries is believed to be by diffusion. Measure¬ 
ments and calculations are given in support of the view that diffusion 
is adequate to account for the gaseous interchanges. Hazclhoff’s ex¬ 
periments were undoubtedly done with skill and care. However, since 
they were done on dead birds and glass models, there necessarily re¬ 
mains the question as to how fully the results apply to the livine 
condition. 

The data given in Table 19 show the composition of air in the 
various air sacs of the fowl. It will be noted that the air in the ah- 
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dominal (greater abdominal) sacs resembles most closely atmospheric 
air in composition. This indicates that air passing to these sacs under¬ 
goes the least gaseous exchange in the lungs on its way to the sacs 
The composition of expired air of the fowl is as follows: oxygen. 
13.5 volumes per cent; carbon dioxide, 6.5. 

During inspiration in the bird the thoracic and abdominal cavities 
arc enlarged, with the result that air is drawn into the lungs and aii 
sacs. On inspiration it is the vertical diameter of the thorax that in¬ 
creases; there is a slight decrease in the transverse diameter. 

According to McLeod and Wagers, the chicken possesses two dia¬ 
phragms. The thoraco-abdominal diaphragm is a thin, tendinous sheet 
separating the thorax and abdomen. The pulmonary diaphragm is a 
horizontal sheet dividing the thorax into upper and lower parts. The 
diaphragms of the bird are apparently of little importance in respira¬ 
tion. 


Table 10. Composition of Air Obtained from Air Sacs at 

End of Inspiration 


Air 

Sac 

Abdominal 
(Greater 
Abdominal) 

Posterior 

Thoracic 

(Lesser 

Abdominal) 

Anterior 

Thoracic 

(Posterior 

Thoracic) 

Intor- 
clavicular 
(Anterior 
Thoracic) 

Cervical 

(Thoraco¬ 

cervical) 

o,. 

vol. per cent 

10 

2 

vot. per cent 
17.4 

3.4 

vol. per cent 
16.3 

3.2 

vol. per cent 
14.6 

5 

vol. per cent 
15.6 

3.2 

CO,. . . 


Tho terminology of Mclx'od one! Wngore is shown in psronthescs. 


Some Respiratory Reflexes in the Fowl. These have been studied 
by Graham. Following are some of the conclusions reached by this 
worker. Transection of the vagi in the neck slows breathing, after an 
initial stimulation. Slower breathing and an increase of respiratory 
tonus result from stimulation of the central end of one vagus with 
weak shocks, the other vagus being intact. Inflation of an isolated lung 
and its air sacs promotes expiration. Deflation of the lung is without 
effect on respiration. The fowl shows the Hering-Breuer reflex, its 
chief action being to promote expiration. Ordinarily expiration lasts 
twice as long as inspiration. Section of one vagus nerve in the bird has 
no effect on panting, but bilateral vagotomy abolishes 
once. Bilateral vagotomy in mammals does not abolish panting. p 
significance of afferent vagal fibers (from inflation receptors in t c 
lungs) in the regulation of respiration is greater in birds than in mam 
mals (Hicstand and Randall, 1942). 
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The effects of carbon dioxide inhalation on respiration in many 
species of birds have been studied. Variations in the responses were 
obtained. In some species stimulation of breathing results. In others 
there is an inhibitory effect producing partial or complete cessation of 
breathing. The inhibitory effect of carbon dioxide on respiration re¬ 
sults from stimulation of receptors in the nasopharynx (Hiestand and 
Randall, 1941). 

Blood Gases. Sturkie has assembled blood gas data for arterial and 
venous bloods of several species of birds (duck, pigeon, goose, chicken). 
The data include oxygen content, capacity, percentage saturation, and 
tension; also carbon dioxide content and tension. Dissociation curves 
are discussed. 

As compared with mammals, little has been done on the physiology 
of respiration in the fowl. Many problems remain unsolved. For the 
present state of our knowledge on this subject, reference may be made 
to the book by Sturkie. 
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PART IV 

Digestion and Absorption 




Chapter XI 


DIGESTION: INTRODUCTORY CONSIDERATIONS 


T HE term digestion is used here in a broad sense to include all 
activities of the alimentary tract and its glands in the preparation 
of foods for absorption and in the rejection of the residue. Most foods 
are consumed in too complex and insoluble a form to be absorbed into 
the blood or lymph without preliminary digestive changes. Glucose, 
soluble salts, water, and a few other foods require no digestion. The 
majority of foods, however, must undergo more or less elaborate 
changes prior to absorption. 

The factors of digestion are mechanical, secretory, chemical, and 
microbiological. The chief mechanical factors are mastication, de¬ 
glutition, regurgitation, vomiting, gastric and intestinal motility, and 
defecation. The secretory factors are the activities, or work, of the 
digestive glands. The chemical factors are enzymes, both those pro¬ 
duced by the digestive glands and the less important plant enzymes, 
and certain nonenzymic chemical substances (for example, hydro¬ 
chloric acid) produced by the digestive glands. The microbiological 
factors are bacteria and possibly in some species protozoa. 

The relative importance of the different factors of digestion is 
not known in all instances and for all species. However, some informa¬ 
tion on these points will develop in the discussions to follow. 


FOODS 

A food is a mixture of foodstuffs. In order to meet the nutritive 

requirements of an animal the diet must supply at least the following 
foodstuffs: 


Proteins 

Carbohydrates 

Fnts 


Inorganic salts 

Water 

Vitamins 


It is the exceptional single food that contains all the foodstuffs in the 
right quantity and of the right quality. Hence it is usually necessary 
for the animal to have a variety of foods in order to remain healthy. 
Proteins, fats, carbohydrates, and vitamins do not occur in nature 
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except in association with or as a part of living matter. The higher 
animals are therefore dependent on plants or other animals for these 
requirements. Some animals, the carnivores, obtain the bulk of their 
food from animal sources. Among the domestic animals the dog and 
cat are by nature carnivorous, although man has, for economic rea¬ 
sons, added a good deal of food of vegetable origin to their diet. Certain 
other animals, the herbivores, obtain their food from vegetable sources. 
They are represented among domestic animals by the horse, ox, sheep, 


Food 



Water 


Dry matter 



Organic substances 



Ash (inorganic 
salts, mineral 
matter) 


Nitrogenous substances 
(crude protein) 


Non nitrogenous 
substances 



True protein 


Nonprotein 

nitrogenous 

substances 



Soluble carbohydrates 

(nitrogen-free 

extract) 


Cellulose, 
etc. (crude 
fiber) 


goat, and rabbit. Still others, the omnivores, consume food of both 
plant and animal origin. The pig is the domestic representative of this 
group, although under domestication this animal is largely herbivorous. 
Man himself is an excellent example of an omnivorous animal. 

The diagram above (modified from Linton) may be helpful in 
visualizing the different components of a food. Vitamins are not in 
eluded in the diagram. However, a great deal is known about their 

composition. 
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ENZYMES OF THE ALIMENTARY TRACT 

Most of the chemical changes occurring in the digestive processes 
are brought about by the action of enzymes. These may be defined as 
organic catalysts produced by living matter. Each of the enzymes so 
far isolated has been found to be a protein. A convenient list of the 
principal enzymes of the alimentary canal is given in Table 20. 


Tat»le 20. Principal Enzymes of tiie Alimentary Tract 


Enzyme 


Ptyalin (salivary amy¬ 
lase) . 

Pepsin ("gastric protease) 

Ren run. 

Gastric lipase. 


Trypsin and chymotryp- 
sin (pancreatic pro¬ 
teases) . 

Amylopsin (pancreatic 

amylase). 

Steapsin (pancreatic li¬ 
pase) . 

Curboxy peptidase. 


Several peptidases (old 

name, eropsin). 

Sucrose (invertaso) 


Maltase 

Lactase. 


Polynucleotidase. 

Nucleotidase. 


Nucleosidase 


Where Mainly 
Found 

Substrate 

End 

Products 

Saliva 

Starch 

Dextrins. mal¬ 
tose 

Gastric juice 

Proteins 

Proteoses, 

peptones 

Gastric juice 

Casein 

Paracasein 

Gastric juice 

Fats 

Higher fatty 
acids, glycerol 

Pancreatic juice 

Proteins, pro- 

Peptones, 


teoses, pep- 

peptides, 


tones, peptides 

amino acids 

Pancreatic juice 

Starch, dextrins 

Dextrins, 

maltose 

Pancreatic juice 

Fats 

Higher fatty 
acids, glycerol 

Pancreatic juice 

Peptides con¬ 
taining free car¬ 
boxyl group 

Amino acids 

Small intestine 

Peptides 

Amino acids 

Small intestine 

Sucrose 

Glucose, fruc¬ 
tose 

Small intestine 

Maltose 

Glucose 

Small intestine 

Lactose 

Glucose, 

galactose 

Small intestine 

Nucleic acid 

Mononucleo¬ 

tides 

Small intestine 

Mononucleo- 

Nucleosides, 


tides 

phosphoric 

Small intestine 

Nucleosides 

Purine or 
pyrimidine 
bases, pentose 


ALIMENTARY TRACT 

The alimentary tract extends from the lips to the anus. The parts 
are: mouth, pharynx, esophagus, stomach, and small and large in- 
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Table 21. Length of Different Parts of the Intestine 


Animal 


I Torso 



Rabbit 


Part of 
Intestine 

Relative 

Length 

Average 

Absolute 

Length 

Small intestine 

per cent 
75 

meters 

22.44 

Cecum 

•1 

1.00 

Large colon 

1 1 

3.39 

Small colon 

10 

3.08 

Total 

100 

29.91 

Small intestine 

81 

46.00 

Cecum 

2 

0.88 

Colon 

17 

10. 18 

Total 

100 

57.00 

Small intestine 

80 

2G.20 

Cecum 

1 

0.36 

Colon 

19 

6. 17 

Total 

100 

32.73 

Small intestine 

78 

18.29 

Cecum 

1 

0.23 

Colon 

21 

4.99 

Total 

100 

23.51 

Small intestine 

85 

4.14 

Cecum 

2 

0.08 

Colon 

13 

0.60 

Total 

100 

4.82 

Small intestino 

83 

1.72 

Large intestine 

17 

0.35 

Total 

100 

2.07 

Small intestino 

01 

3.56 

Cecum 

11 

0.61 

Colon 

28 

1.05 

Total 

100 

5.82 


Ratio of Body 
Length to Length 
of Intestine 


1:12 



(Adapted from Colin.) 













Table 22. Capacity of Different Parts of the Gastro¬ 
intestinal Canal 


Animal 

Part of Canal 

Relative 

Capacity 

Average 

Absolute 

Capacity 

Horse 

Stomach 

per rent 

8.5 

liters 

17.90 


Small intestine 

30. 2 

G3.82 


Cecti m 

15.9 

33.54 


Large colon 

38. -1 

81 .25 


Small colon and rectum 

7.0 

14.77 


Total 

100.0 

211.34 

Ox 

Stomach 

70.8 

252.5 


Small intestine 

18.5 

00.0 


Cecum 

2.8 

9.9 


Colon and rectum 

7.9 

28.0 


Total 

100.0 

350.4 

Sheep and goat 

Rumen 

52.9 

23.4 


Reticulu m 

■1.5 

2.0 


Omasum 

2.0 

0.9 


Abomasum 

7.5 

3.3 


Small intestine 

20.4 

9.0 


Cecum 

2.3 

1 0 


Colon and rectum 

10.4 

4.0 


Total 

100.0 

44.2 

Pig 

Stomach 

29.2 

8.00 


Small intestine 

33.5 

9.20 


Cecum 

5.0 

1 55 


Colon and rectum 

31.7 

8.70 


Total 

100.0 

27.45 

Dog 

Stomach 

02.3 

1.33 


Small intestine 

23.3 

1 .02 


Cecum 

1.3 

0.09 


Colon and rectum 

13. 1 

0.91 


Total 

100.0 

0.95 

Cat 

Stomach 

09.5 

0.34 1 


Small intestine 

14.0 

0.114 


Large intestine 

15.9 

0. 124 


Total 

100.0 

0.579 


(Adapted from Colin.) 
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tcstine. As regards complexity and length, the tract varies greatly in 
different species. In carnivores it is short and relatively simple, whereas 
in herbivores it is comparatively much longer and more complex. In 
some herbivores (horse, rabbit) the stomach is relatively simple and 
is comparable to that of carnivores, whereas the large intestine is 
much more complex and voluminous than that of carnivores. In cer¬ 
tain other herbivores, the ruminants, the stomach is extremely large 
and complex, whereas the large intestine, though long, is of relatively 
small caliber. Tables 21 and 22 illustrate some of the statements just 
given. Table 21 shows the relative and absolute lengths of the differ¬ 
ent parts of the intestine and the ratio of length of body to length of 
intestine; table 22 shows the relative and absolute capacities of the 
stomach and the different parts of the intestine. All measurements were 
made at autopsy. 

Lengths of intestine determined at autopsy probably do not repre¬ 
sent the lengths as they occur in the living animals. Alvarez (1928) 
has pointed out the difficulty, even the fallacy, attending the measur¬ 
ing of intestinal lengths in dead subjects. Espe and Cannon (1940) 
made measurements of the length of the intestine in living calves (5 
to 12 months old) and in the same calves at autopsy. In vivo the 
average length of small and large intestine combined was 28 feet 7 
inches. At autopsy the average combined length was three times as 
great. 



Chapter XII 


PREHENSION, MASTICATION, SALIVARY 
SECRETION, DEGLUTITION 


PREHENSION OF FOOD 

AS applied to digestion, the term prehension means the seizing and 
Z\-Conveying of food to tlle mouth. The methods used by different 
animals vary greatly. In bipeds the upper limbs are the principal 
prehensile organs, whereas in most quadrupeds they are unimportant 
in this respect. Clawed animals hold their prey with their front limbs 
but do not use them to carry food to the mouth. In all domestic ani¬ 
mals the lips, teeth, and tongue are the principal organs of prehension. 
The relative importance of these is not the same in all species. 

In the dog and cat the food is often held with the forelimbs, as 

indicated above, but it is passed into the mouth largely by head and 
jaw movements. 

In the horse the upper lip is the main prehensile structure. For 
this purpose it is sensitive, strong, and mobile. In grazing the action of 
the lip places the food between the incisor teeth by which the food is 

then cut off. In manger feeding the loose food is collected by the lips 
with the aid of the tongue. 

In the ox the chief organ of prehension is the tongue. The lips, 

owing to their limited power of movement, are not prehensile. The 

tongue, long, strong, mobile, and rough, is capable of being protruded 

from the mouth and can readily be curved around grass, which is 

then drawn between the incisor teeth below and the dental pad above 
and cut off. 

The sheep has a cleft upper lip, which, though not prehensile, per¬ 
mits very close grazing. The incisor teeth and the tongue arc the prin¬ 
cipal prehensile structures, but the tongue is not protruded in grazing 
as in the ox. The upper lip of the goat is not cleft. 

Undcr natural conditions the pig digs up the ground with the 
out and carries the food so obtained to the mouth largely by the ac¬ 
tion of the pointed lower lip. When pigs are not permitted to root 
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prehension is accomplished by the teeth, tongue, and characteristic 
movements of the head. 

Drinking and Sucking. The way in which liquids are carried to 
the mouth varies greatly in carnivores and herbivores. The dog and 
the cat make a ladle of the free end of the tongue by which liquid is 
carried to the mouth. The other domestic animals draw liquid into the 
mouth by suction, the lips being closed all around except for a small 
place in front, which is under water. The tongue is the structure 
chiefly concerned in producing the necessary negative pressure in the 
mouth; its action is comparable to the piston of a pump. 

Sucking is accomplished by the creation of negative pressure in 
the mouth, largely by the action of the tongue. Milk in the teat is sub¬ 
jected to pressure somewhat higher than atmospheric; hence it is 
forced into the mouth, where the pressure, because of the action of 
the tongue, is lower than that of the atmosphere. Negative pressures 
of great magnitude are developed during sucking by calves (Smith 
and Petersen). 


MASTICATION 

Mastication or chewing is the mechanical reduction of food that 
takes place in the mouth. It is between the molar teeth that the grind¬ 
ing occurs. The importance of mastication lies in the fact (1) that 
finely divided food presents a greater surface than coarse food for the 
action of the digestive juices and (2) that food well mixed with saliva 
is more easily swallowed. Mastication, however, is not of the same im¬ 
portance in all species. In carnivores it is very’ imperfectly performed, 
whereas in herbivores, owing to the coarse, bulky nature of the food, 
it is of much greater significance. In ruminants, however, it is only 
during remastication that food is thoroughly ground. Omnivores 
occupy a position between carnivores and herbivores. 

The principal movement of the lower jaw that any animal can make 
is one in a vertical plane. In carnivores this is by far the most im¬ 
portant jaw movement. In herbivores, on the other hand, the power 
of lateral movement is well developed, and there is also some to-an - 
fro movement. In harmony with the kind of food naturally consume* 
and the nature of the jaw movements, the teeth of different anima s 
show remarkable differences in size, shape, and structure. In carnivores 
and omnivores, where movements in a vertical plane suffice, the upper 
and lower jaws are of equal width, and the teeth arc relatively simp c^ 
there is no necessity for an elaborate grinding apparatus. In her ivores 
simple up-and-down movements of the mandible are inadequa e 
crush and grind the tough, coarse food. Therefore provision mus 
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made for lateral movements in order to ensure adequate reduction of 
the food between the molar teeth. Because of this, the upper jaw is 
wider than the lower, and mastication can occur on only one side at a 
time. Furthermore, owing to this lateral or “crossed” movement of the 
lower jaw, the molar teeth wear with chisel-shaped grinding surfaces. 
The sharp edge of the lower teeth is innermost, whereas that of the 
upper teeth is outermost. At times these edges may become sharp 
enough to damage the tongue or the cheek, respectively. The oblique 
tables of the teeth of herbivores are composed of substances of differ¬ 
ent degrees of hardness; hence these surfaces wear rough. This rough¬ 
ness increases the grinding efficiency. The hard, elevated areas are 
composed of enamel. 

The incisor teeth are not grinding structures. As their name im¬ 
plies, they are used to detach and cut or lacerate food. In ruminants 
the upper incisors are absent and the lower ones loose and obliquelv 
placed in their sockets in order to prevent injury to the dental pad 
above. 

The mandible is provided with two kinds of muscles: those that 
close the mouth and those that open it. The former are much more 
powerful. Of the muscles that close the jaws, the temporals are most 
highly developed in carnivores, the masseters in herbivores. 

Herbivores spend a great deal of time masticating, and the number 
of jaw movements is large. Colin determined that it requires a horse 
one and a fourth hours for the mastication of four pounds of dry hay, 
out of which 60 to 65 boluses are made. The rate of mastication varies 
from 70 to 80 strokes per minute. Fuller observed that dairy cows 
make an average of 94 jaw movements per minute when eating grain 
and silage and 78 per minute when eating hay. This worker then 
calculated that a daily cow makes approximately 4700 jaw movements 
daily while eating grain and silage, and 10,530 while eating hay. In 
addition to the jaw movements during eating, there arc something like 
26,400 during rumination. Thus there is a total of some 42,000 jaw 
movements daily in dairy cows. This means of course that in these 
animals an enormous amount of energy is expended in mastication. 

Depending on the ration eaten, steers spend 1.4 to 11 per cent of 
the daily time in mastication (Kick and co-workers). 

Aside from the purely masticatory movements, there are concomi¬ 
tant tongue and cheek movements by which the food is kept between 
t ie molar teeth and gradually Worked backward for swallowing 

Mastication is an act under the control of the will; it may be 
started or stopped or the rate may be altered voluntarily. Neverthe¬ 
less, as usually performed, the muscles involved are stimulated to 
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action entirely rctlexly. The normal stimulus is the presence of food in 
the mouth. 

Grazing habits of cattle have been studied by Atkeson, Shaw, and 
Cave and by Johnstone-Wallace and Kennedy. Hughes and Reid have 
studied the grazing behavior of cattle and sheep and Tribe has re¬ 
viewed present knowledge of the behavior of the grazing animal. 


THE SALIVARY GLANDS AND THEIR SECRETION 


The term salivary glands refers to the three main salivary glands, 
all of which are paired, and the numerous small glands found in the 
mucous membrane of the mouth. Saliva is the mixed secretion of all 
these glands. The three main glands are the parotid, submaxillary 
(mandibular), and sublingual. 

Glands in general may be divided into serous, mucous, and mixed 
types. Serous glands give rise to a thin, watery secretion containing 
protein but no mucin; mucous glands produce a secretion containing 
the glycoprotein mucin; mixed glands partake of the nature of both 


serous and mucous glands. 

Cells that give rise to a serous secretion frequently also produce 
enzymes, which are discharged as a part of the secretion. So-called 
zymogen granules, presumably the precursors of enzyme, are found 
stored in the serous cells. Mucous cells do not produce enzymes, accord¬ 


ing to the general belief. 

The parotid glands of most mammals are serous. However, in 
some animals the secretion of the glands is devoid of enzyme. The 
fact, then, that a gland yields a serous secretion docs not necessan > 
mean that it is an enzyme producer. The submaxillary gland is mixe 
in some species, serous in others. In man, ungulates, the dog, and 
cat it is mixed; in rodents it is serous. The sublingual gland of the 
horse, ox, pig, dog, and cat is a mixed gland; that of rodents is mucous. 

Nerve Supply of the Salivary Glands. The salivary glands receive 
a double efferent innervation. One set of nerves is derived from 
parasympathetic division of the autonomic system, the other rom 
sympathetic. The sympathetic fibers for all three glands leave J 
spinal cord as preganglionic fibers in the ventral roots of t ic irs 
or three thoracic nerves and pass up the cervical sympathetic c ® 
the anterior cervical ganglion, where they terminate synap | ; 

around nerve cells from which new fibers arise. These pos . 

fibers run to the salivary glands in the walls of the arteries sup 
the glands. The parasympathetic preganglionic fibers to c h 

gland leave the brain-stem by the glossopharyngeal nerve, P as f_ ft(ir j c . 
the tympanic plexus to the trigeminal nerve, and thence y i 
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ulotemporal branch to the gland. The synaptic junctions are located 
in the otic ganglion. The parasympathetic preganglionic fibers to the 
submaxillary and sublingual glands leave the brain-stem by the facial 
nerve, run in its chorda tympani branch to join the lingual nerve 
(branch of the trigeminal), and leave this to enter the glands. The 
synaptic junctions are in the submaxillary ganglion, which is in the 
glands themselves. 

The afferent fibers of the salivary secretory centers are contained 
chiefly in the trigeminal and glossopharyngeal nerves. These nerves 
conduct impulses of taste and general sensibility from the mouth. The 

salivary centers are susceptible also to impulses reaching them by 
other nerves. 


The nuclei, or centers, for salivary secretion are located in the 
medulla oblongata. Chatfield explored the medulla of the cat with 
stimulating electrodes that could be manipulated with a stereotaxic 
apparatus. It was found that secretion could be evoked by stimulation 
of a number of points in the medulla. “These points lay mostly in the 
reticular formation and in the region of the intramedullary course of 
the facial or glossopharyngeal nerves.” In general, the points whose 
stimulation gave predominantly submaxillary secretion were located 
“rostral and medial to the middle third of the facial nucleus.” These 
points are believed to represent the submaxillary center. Points whose 
stimulation gave parotid secretion “were concentrated caudal to and 

above the submaxillary center, and medial to and above the cranial end 
of the nucleus ambiguus.” 


Stimulation of the Nerves of the Salivary Glands; the Secretory 
Process. In view of the fact that the chief experiments on the nervous 
regulation of salivary secretion have been made on the submaxillary 
g and of the dog, the results of stimulation now to be outlined relate 
principally to the condition in this gland and species. Moreover, be¬ 
cause important experiments bearing on the problem of secretion in 
general have been made on the submaxillary gland, it is advisable 
® l udy briefly the results of such experiments. One is not, however 
justified m saying without proof that the results of experiments made 
on the submaxillary gland are applicable to other glands. 

Stimulation of the chorda tympani fibers (where they leave the 
Ungual nerve) causes a copious secretion of submaxillary saliva which 
can readily be collected by insertion of a cannula into the gland duct. 
ie amount of saliva secreted varies, within limits, with the intensity 

and finl’n* 1 ' 0 "' Wh A" *'’* s,imu,us is amoved, the secretion diminishes 
t£n u y , aSe !‘ Accompanying the secretion is a marked vasodilata- 
in e gland, the blood flow being increased five to eight times. 
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Stimulation of the peripheral (cephalic) end of the cervical sympa¬ 
thetic nerve causes the secretion of a small amount of thick saliva 
containing much mucin. (In the cat sympathetic stimulation causes a 
copious, watery secretion from the submaxillary gland.) In addition, 
since the sympathetic nerve carries constrictor fibers to the blood 
vessels of the head, there is a marked vasoconstriction in the salivarv 
glands during sympathetic stimulation. 

Stimulation of the sympathetic causes no evident secretion of saliva 
from the parotid gland, but that an effect on the gland cells occurs is 
indicated by the observation that parasympathetic stimulation during 
or following sympathetic stimulation results in a saliva rich in organic 
matter. Ordinary stimulation of the parasympathetic nerves to the 
parotid gland causes a copious flow of watery saliva. 

I he parasympathetic fibers to the salivary glands are cholinergic, 
the sympathetic fibers adrenergic. 

A number of drugs afteet the peripheral salivary secretory mecha¬ 
nism. They have been valuable in studies on the innervation and the 
secretory process. Atropine blocks the parasympathetic effects. After 
its injection chorda stimulation causes no secretion of saliva although 
vasodilatation still takes place. Pilocarpine (Fig. 89), arecoline, acetyl¬ 
choline, and other substances stimulate the parasympathetic terminal 
mechanism and cause a copious flow of saliva. Adrenaline stimulates 
the sympathetic terminal mechanism. 

Saliva, like all secretions, is formed of course ultimately from the 
blood; but the question arises here, as with other glands, whether the 
formation is a true secretory act, the ultimate chemistry and physics 
of which are unknown, or an act dependent merely on known physical 
or physicochemical processes such as filtration, osmosis, and diffusion. 
That saliva is secreted by the gland cells, that is, that the gland cells 
expend energy in its formation and do not constitute merely a mem¬ 
brane across which filtration, diffusion, and similar processes go on, 
is indicated bv a number of observations such ns the following: (1) 

It was shown by Ludwig years ago, and has been confirmed by many 
others since, that the suhmaxillary gland can secrete against a pres¬ 
sure that is greater than the blood pressure in the carotid artery. The 
submaxillary duct is cannulated and connected to a mercury ma¬ 
nometer. The carotid artery is also cannulated and connected to a ma¬ 
nometer. The chorda tympani fibers to the gland arc stimulated: the 
salivary secretion pressure rises considerably and may exceed the blood 
pressure. (2) During secretion of saliva the gland consumes incrcaser 
amounts of oxygen and blood sugar, produces an increased amount o 
carbon dioxide, and gives other evidence of metabolic change (Dcutsc i 
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ond Raper, Xorthupl. l.3l I lie gland elaborates substances not present 
as such in the blood, for example, mucin. Clearly, then, it is necessary 
to look beyond the physicochemical laws as at present understood for 
an explanation of the process of secretion. \\ hen new laws are dis¬ 
covered, or when the old laws receive further interpretation, it may 


Fig. SO.— Effect of pi¬ 
locarpine on blood 
pressure and parotid 
salivary secretion of 
a sheep. Chloral hy¬ 
drate and ether anes¬ 
thesia. Tracings (from 
top to bottom): time, 
3 sec.; carotid blood 
pressure; drops of sa¬ 
liva from a cannula in 
a parotid duct; line 
of atmospheric pres¬ 
sure. At the signal, 10 
mg. of pilocarpine hy¬ 
drochloride were in¬ 
jected intravenously. 
(From Rangsit, Ex¬ 
periments on (he Car¬ 
diovascular, liespira- 
tory, and Secretory 
Mechanisms of the 
Sheep, thesis, Cornell, 
1941.) 



be that a physicochemical explanation will be forthcoming. Stimulat¬ 
ing hypotheses have been advanced in an effort to explain secretion 

in terms of physics and chemistry. The book by Bayliss and the article 
by Hober may be consulted. 

Some glands, in addition to being regulated by the nervous system 
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through secretory nerves, have also a control by chemical stimuli 
brought to the gland by the blood (humoral control). Still other glands 
have the humoral control only. So far the salivary glands have not 
been shown to come under humoral control (Ivy, 1930). As indicated 
above, however, neurohumoral agents are concerned in salivary secre¬ 
tion. 

Normal Regulation of Salivary Secretion. The secretion of saliva 
is a complex reflex act involving receptors, afferent nerves, secretory 
centers, efferent secretory and vasomotor nerves, blood vessels, and 
gland cells. Two general methods of exciting this secretory mechanism 
are available to the organism, and a third method has been demon¬ 
strated in ruminants. 

1. It is a familiar fact that food docs not have to enter the mouth 
in order to cause a flow of saliva. The sight or odor of even the 
thought of food, provided the individual is hungry, calls forth salivary 
secretion; the mouth is said to water. This reaction has been studied 
extensively in dogs. The afferent paths are in the optic and olfactory 
nerves; the connections in the cerebrum are complex. Because the 
reaction involves the cerebrum it is sometimes designated a psychic 
reflex. Psychic secretion appears to be slight (Seymour) or absent 
(Scheuncrt and Trautmann) in the horse and absent in the sheep 
(Scheunert, Krzywanek, and Zimmermann). It is probable that it is 
small or absent in all herbivores. It has been demonstrated in the pig 
(Trautmann). 

The nature of the saliva secreted as a result of the psychic reaction 
varies with the character of the food. Thus Pavlov, who made a de¬ 
tailed study of psychic secretion in the dog, has shown that the sight 
of meat calls forth a stringy saliva from the submaxillary and sub¬ 
lingual glands but none from the parotid, whereas the sight of dry 
meat powder or dry bread calls forth an abundant secretion of parotid 
(thin) saliva. Evidently the effect of the saliva secreted in the first 
instance is, when the meat enters the mouth, to lubricate the morsel 
for swallowing, whereas in the second instance it is to moisten the dry 
food preparatory to swallowing. 

Pavlov termed psychic reflexes conditioned reflexes (responses) 
because they are dependent, for their formation and maintenance, 
upon a number of conditions or circumstances. They arc acquired re¬ 
sponses in contrast with the inherited reflexes. Pavlov found that 
neutral stimuli added to the natural stimulus become effective after 
a number of repetitions. Thus if, when a dog is fed, a certain sounr 
is made, for example, a bell is rung, and this association of sounc 
and food is repeated frequently, a time will come when the soun 
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alone will be effective in causing saliva to flow. For a fuller discussion 
of conditioned responses, see Chapter XXXIV. 

2. \\ hen food enters the mouth, a much more copious secretion of 
saliva is called forth. This is because of reflex stimulation of the 
salivary centers by the action of the food on receptors of taste and 
of general sensibility. Here again the quality and especially the quan¬ 
tity of the saliva are adapted to the character of the food. Thus the 
chewing of meat causes a free flow of submaxillary and sublingual 
saliva but none from the parotid, whereas dry meat powder excites an 
abundant parotid secretion. Fresh moist bread causes little or no 
secretion; dry bread, a copious flow. As Pavlov states, the role of 
saliva is, above everything else, that of a watery secretion. This is 
especially true in herbivores, whose food is so often of a dry nature. 
In this connection Claude Bernard noted years ago that it was with 
the gieatest difficulty that a horse swallowed dry food, such as oats and 
hay, when deprived of its parotid secretion. Thorough mastication 
means of course increased salivary secretion because the food remains 

in contact with the sensory nerve endings in the mouth for a longer 
time. 


In the horse chemical stimuli (taste) play but little part in parotid 
secretion; the stimulus is chiefly due to the mechanical action of the 
food on the buccal mucous membrane. In this same animal parotid 
saliva show's no chemical adaptation to the food (Scheunert and 
Trautmann). The parotid secretion of the horse is not continuous 
but occurs only when the animal is eating food. The secretion is largely 
unilateral, the amount produced on the side of mastication being 
several times greater than on the other side. When the side of mastica¬ 
tion shifts, the secretory activity of the parotids also shifts. 

In ruminants parotid secretion is continuous. This ensures adequate 
moisture, buffer alkali, and phosphate for the functioning of the first 
three stomach compartments. In the sheep parotid secretion is only 
s lghtly increased as a result of feeding, and not at all during rumina- 
lon. The mandibular glands of this animal secrete during the taking 
of food but not during rumination nor in the intervals between feed¬ 
ing (Scheunert and Trautmann). The mandibular glands of the ox 
also are practically quiescent during rumination. 

3. A salivary secretory reflex in ruminants evoked by mechanical 
stimulation of the cardiac region of the stomach has been demonstrated 
m recent work (Clark and Weiss). A copious parotid secretion results 
m the stimulation. The afferent pathways are in the vagi. Transec¬ 
tion of these nerves abolishes the reflex. Stimulation of the central end 
of ether nerve causes a flow of saliva cornnarable to that obtained 
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by mechanical stimulation in the cardiac region. The normal stimu¬ 
lus is considered to be roughage in the diet. The copious secretion of 
saliva that results may have as one of its functions the prevention of 
frothincss of the rumen ingesta (p. 384). 

Amount of Saliva. The amount of saliva secreted has been in¬ 
vestigated in a number of animals. Enormous in herbivores, the quan¬ 
tity is greater in the ox than in the horse. Colin estimated the amount 
secreted in the following way: An esophageal fistula was made in the 
neck of the animal to which a weighed amount of food was given; 
the mastication time was noted; and the food was collected as it 
fell from the fistula. The food was again weighed and from this weight 
was subtracted the original weight. The difference represented the 
amount of saliva secreted during the eating period. In this way Colin 
found that a small horse eating hay secreted 5000 gm. (about 5000 ml.) 
of saliva in an hour, a medium-sized horse 5200 gm., and a large horse 
8800 gm. When oats were eaten, the amount of saliva formed was only 
two-thirds as much as the amount above; green fodder, half as much; 
roots, a third as much. Additional experiments showed that dried 
fodder absorbed four times its weight of saliva, oats a little more than 
their own weight, meal twice its own weight, and green fodders only 
half their own weight. It is seen that the amount of salivary secretion 
is inversely related to the amount of moisture in the food. This ser\e^ 
to emphasize the statement already made that saliva functions mainly 
as a watery secretion. 

It is estimated that the horse secretes something like 42,000 gm. 
(about 10 gallons) of saliva in 24 hours and the ox 56,000 gm. (It- M- 
Smith). In man the amount is believed to be about 1500 gm. A single 
parotid gland of the sheep has been found to secrete 930 to 1840 ml. 
in 24 hours (McDougall). 

Composition of Saliva. Saliva from the individual salivary gl»n< 8 
may be obtained for study by inserting a cannula into a gland due 
(Fig. 90) or by implanting the end of a severed duct into an opening 
in the skin. Mixed saliva may be obtained from the mouth, as by tie 
use of a sponge, or from a fistula of the esophagus. Mixed sa 
is a colorless, viscid, easily frothing, slightly opalescent liquid. ' 
reaction of the saliva of man is usually slightly acid. According 
Starr, the average reaction is pH 6.6. Other investigators have repo 
similar results. Alkalinity may develop if the saliva is allowed to 8 an ^ 
This is due to loss of carbon dioxide. In the domestic animals, e xc ®P 
ruminants the reaction is slightly alkaline; in ruminants it is 18 in 
alkaline. Schwarz and Hermann obtained the following mean 
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values: pig, 7.32; dog and horse, 7.56; ox, 8.1. Schwarte, using a 
colorimetric method, obtained mean pH values as follows: horse, 
7.42; ox, 8.23; pig, 7.37; dog and cat, 7.5. 

The water content of saliva is very high; hence the specific gravity 
is only slightly greater than 1.0 (horse, sp. gr. 1.005). Saliva contains 
organic and inorganic constituents in small amounts. The dissolved 
organic matter in mixed saliva consists mainly of mucin, other pro¬ 
teins, and, in some animals, the enzyme ptyalin. The suspended organic 
matter consists of desquamated epithelial cells and leukocytes (sali- 


Fjg. 90.—A method of 
collecting saliva from 
the parotid duct. A 
cannula has been in¬ 
serted into the duct. 
(From Seheunert and 
Trautmann, Pfliigers 
Archiv /iir die gc- 
samle Physiologic, 
1921, 192.) 



vary corpuscles). The inorganic salts are the same in kind as those of 
the blood. The total amount, however, is less than, and the propor¬ 
tion of the different salts is not the same as, in blood. 

In parotid saliva of sheep the concentrations of the total salts and 
of sodium and potassium are similar to those of serum. Concentrations 
of bicarbonate and phosphate in saliva arc 4 and 15 times those in 
serum, whereas the concentration of chloride is only one-sixth of that 
in serum. The high bicarbonate and phosphate contents make saliva a 
good buffer in the rumen. The phosphate might also be related to the 
growth of the rumen microflora (McDougall). A high water-soluble 
phosphate concentration is maintained in rumen ingesta even when 
cattle and sheep are on a phosphorus-deficient diet (Clark). 
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Table 23 illustrates the over-all composition of saliva in several 
domestic animals. Additional information for animals may be obtained 
from a review by Lenkeit (1933) and a paper by McDougall. 


Table 23. Composition of Saliva (parts per 1000) 


Saliva 

Water 

Total 

Solids 

Organic 

Matter 

Inorganic 

Matter 

Parotid of horse. 

9 DO 1 

10 

2.06-6 

4.8-8.73 

Sulmiaxillary of cow... 

DD1.14 

8.86 

3.53 

5.33 

Sublingual of dog. 

086.3 

13.7 

4.3 

1). 4 

M i xed of dog.... 

1)89.6 

10.3 

3.58 

6.71) 


(Dnta from Moore, 1898.) 


Functions of Saliva. The usefulness of saliva as a watery secretion 
has been noted. It moistens the food, thus facilitating mastication 
and swallowing, and dissolves some of the food, thus providing stimu¬ 
lation for the taste receptors. Because of the mucin content of saliva 
the food particles are easily formed into a bolus for swallowing and 
the swallowing passages are lubricated. 

The special functions of saliva in the rumen have already been 
suggested. These include the providing of a proper medium for bac¬ 
terial growth and activity, neutralization of organic acids produced 
by bacterial action, and the prevention of frothing of the rumen con¬ 
tents. 

The saliva of some animals and of man contains an amylolytic 
enzyme termed ptyalin or salivary amylase. The action of this enzyme 
is to hydrolyze starch, through a series of dextrins, to maltose. There 


may also be some glucose formation. 

One of the factors influencing enzymic action is the hydrogen ion 
concentration of the medium in which the action takes place. Accord¬ 
ing to Groll, the optimum reaction for the activity of human ptyalin 
is pH 6.2. Other investigators place the optimum pH somewhat higher 
than this. The range in which ptyalin will act is wide (pH 4 to 9). 
The chloride ion enhances the action of salivary amylase. 

It has long been recognized that food remains in the mouth too 
short a time to permit much starch hydrolysis to take place. However, 
the former belief that the distinct acidity of the gastric juice destroys 
salivary amylase almost immediately after swallowing is now kno^n 
to be incorrect. The food mass upon entering the stomach is no a 
once mixed with the gastric juice, intimate mixing occurring on v m 
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the pyloric portion. The food mass in the cardiac extremity is there¬ 
fore only slowly penetrated by the acid gastric juice, so that in this 
location salivary digestion can proceed uninterruptedly for a consider¬ 
able time (man, 15 to 30 minutes—Bergeim). In those animals possess¬ 
ing amylase in the saliva, however, starch digestion is not completed in 
the stomach. Much of the digestion, especially of the intermediate 
products, occurs under the action of pancreatic amylase in the in¬ 
testine. 


Effects of Loss of Saliva. Complete loss of saliva in young pigs 
through an experimentally produced fistula of the esophagus has been 
found not to interfere with growth (Wilder and Stokes). Continued 
loss of parotid saliva in ruminants results in death unless sodium bi¬ 
carbonate is given to the animal. 

Occurrence of Ptyalin. Considerable difference of opinion formerly 
existed as to which animals possess salivary amylase in sufficient 
amounts to be of significance in digestion. A study of the literature 
appears to justify the conclusion that among domestic animals the 
pig stands alone in possessing a saliva containing enough amylase to 
be of significance in digestion. Even in this animal the amylolytic 
power of saliva is much weaker than that of the saliva of man. Some 
might classify the dog with the pig in this regard, although the evi¬ 
dence hardly justifies it. A summary of some of the literature follows: 

Horse. The (mixed) saliva contains no amylase (Carlson and Crit¬ 
tenden, Schwarz and Steinmetzer, Schwarte). Parotid saliva contains 
no amylase (Schcunert and Trautmann). The salivary glands give off 
insignificant amounts of amylase (Seymour, Hayden, Finkelstein). 
The conclusions of Palmer and co-workers that the salivary glands 
produce an inactive ptyalin, which is activated by orokinase formed 

by the buccal and possibly the lingual glands, could not be confirmed 
by Hayden or Finkelstein. 


Ox. The saliva contains no amylase (Schwarz and Steinmetzer 

Schwarte). The amount present is insignficant (Palmer, Finkelstein).’ 

Sheep. The saliva contains no amylase (Scheunert and Trautmann 
Schwarz and Rasp, Nasr). ’ 


Goat. The saliva contains no amylase (Carlson and Crittenden 
Schwarz and Rasp, Trautmann and Albrecht). 1 

Pig. The saliva contains an amylase (Schwarte), but the amylolytic 
action of human saliva is more than a hundred times as powerful as 

hat of pig saliva.(Schwarz and Steinmetzer). The parotid saliva of 
the pig is amylolytic (Trautmann). 

, r ®\° g ' The ea >j va contains a small amount of amylase of blood origin 
(Carlson and Ryan. Gayda). Schwarz and Steinmetzer found no 
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amjlase in dogs saliva. A “polyaraylase” is occasionally present in 
small amounts (Galehr). Its occurrence appeared to bear no relation to 
the amount of carbohydrate in the diet. Submaxillary saliva has ainy- 
lolytic power (Rosebooin and Patton). 

Cat. The saliva contains a small amount of amylase derived from 

the blood (( arlson and Ryan). r I he saliva of the cat has no amylolytic 
ferment (Schwarz and Rasp). 

box. Parotid saliva contains a small amount of amylase of blood 
origin (Carlson and Crittenden). 

Rabbit and Guinea Pig. I he saliva of the rabbit has a weak amy¬ 
lolytic action, but the possibility that the enzyme is of food origin was 

not excluded. The saliva of the guinea pig undoubtedly contains an 
amylase (Schwarz and Rasp). 

Starch Digestion by the Dog. T here is a rather widespread popu¬ 
lar belief that the flog has little or no ability to digest starch. This 
belief may have arisen as a misinterpretation of the fact that the 
sali\a of the flog contains little or no amylase. However, an abundance 
of scientific evidence as well as practical experience in the feeding of 
flogs indicates that the flog can digest and utilize large amounts of 
starch. IMcCay points out that if the diet of the dog is otherwise satis¬ 
factory there is no reason why it. should not contain a large amount 
(50 to GO per cent) of starch or other carbohydrates. 

Although the flog has little or no salivary amylase, it possesses an 
abundance of pancreatic amylase and some intestinal amylase. 

Pregastric Changes in Milk Drunk by Calves. Experiments by 
Wise, Miller, and Anderson indicate that milk drunk bv calves under- 
goes modification, apparently of a digestive nature, before it reaches 
the stomach. I he calves were sham-fed by causing the ingested milk 
to run out of an esophageal fistula or out of a flexible tube inserted 
into the cardiac orifice via a rumen fistula. Among the changes noted 
in the sham-fed milk were decrease in pH, increase in lipolytic activ¬ 
ity, and increase in rate of coagulation by rennin. It is suggested that 
the salivary or esophageal glands may secrete a lipolytic enzyme. 


DEGLUTITION 

Deglutition or swallowing is the conveying of food from the mouth 
through the pharynx and esophagus to the stomach. It is a complex 
reflex act involving a great number of muscles and their motor nerves, 
a deglutition center in the medulla oblongata, and afferent nerves with 
receptors in the mucous membrane of the posterior part of the mouth 
and pharynx. 

Structure of the Esophagus. In all animals the wall of the csopha- 
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gus is made up of four layers: a fibrous coat, the muscular coat, the 
submucosa, and the mucous membrane. The kind of muscle varies 
somewhat in different species, but in most animals striated muscle is 
found throughout the esophagus. In the horse the muscle is striated 
to the base of the heart, where it changes to the smooth type; in the 
ox, sheep, and dog it is striated throughout; in the pig it is striated 
throughout, except in the part near the cardia. The rate of passage 
of swallowed food is faster in the striated than in the smooth part. 

In the horse and ruminants glands are are found in the raucous 
membrane of the esophagus at its pharyngeal end; in the pig they are 
numerous in the anterior half of the tube; in the dog they are present 
throughout. 

Act of Swallowing. For many years it has been customary to 
divide swallowing into three phases corresponding to the passage of the 
food (1) from the mouth into the pharynx, (2) through the pharynx 
into the esophagus, and (3) down the esophagus into the stomach. 
However, division of the act into such phases is from the physiological 
standpoint purely arbitrary and for descriptive purposes only. In the 

following description no definite attempt is made so to divide de¬ 
glutition. 

After undergoing appropriate mastication and insalivation, the 
food is passed by the tongue to the back of the mouth and thence 
through the isthmus faucium into and through the pharynx and esopha¬ 
gus. Dry food or food imperfectly moistened is swallowed with diffi¬ 
culty or not at all. Such food does not supply the necessary stimulus 
which starts the series of muscular contractions involved in swallowing. 
At the pharynx the respiratory and digestive passages cross. It is there¬ 
fore necessary that food traverse this region quickly lest accident 
occur, such as aspirating the food into the larynx or forcing it into the 
nasal passages. As further insurance against mishap, respiration is 
completely inhibited, via afferent fibers in the glossopharyngeal nerve, 

the glottis is closed, and the posterior nares are blocked by elevation 
of the soft palate. 

The muscular force necessary to drive the food through the isthmus 
faucium and pharynx into the esophagus is derived chiefly from the 
contraction of the mylohyoid and hyoglossus muscles, although others 
assist The former muscle presses the tongue against the hard palate 
and the latter muscle draws the root of the tongue backward. At the 
same moment elevation of the soft palate cuts off communication 
with the nasal passages. The tongue thus acts as a plunger driving the 
mass of food toward the esophagus. The hyoid bone and the larynx are 
now pulled forward; thus the entrance into the esophagus is opened. 
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At the same time the epiglottis appears, in man and some animals, 
to be pressed over the opening into the larynx until it is shut. How¬ 
ever, in man the upper half of the epiglottis can be removed without 
causing trouble, but if the base of the epiglottis is interfered with, 
difficulty in swallowing results (Alvarez, 1948). Anatomical considera¬ 
tions make it doubtful whether in some animals (horse) the epiglottis 
is folded over the laryngeal aperture at all. The bolus of food now 
enters the esophagus. The pharyngeal events of swallowing take place 
with great rapidity and are difficult to analyze in detail. 

The manner and rate of passage of the bolus through the esopha¬ 
gus vary in different species, in different parts of the esophagus, and 
with different consistencies of the food mass. Cannon and Moser 
studied this question in a number of animals by means of the roentgen 
ray and otherwise. Results obtained by the roentgen ray are more 
trustworthy than those obtained by inserting balloons, stomach tubes, 
and other devices into the esophagus, as was commonly done before the 
introduction of the roentgen-ray method. This method has revealed 
that in some instances the bolus is carried down solely by peristalsis 
(a traveling ring of constriction in a tubular organ caused by contrac¬ 
tion of its muscular coat), whereas in other instances it is rapidly 
shot into the depths of the esophagus. Even in the latter instances, 
however, a peristaltic movement of local origin passes over the termi¬ 
nal part of the esophagus and sweeps into the stomach the food mass, 
which does not come to a pause. Cannon and Moser studied deglutition 

in the goose, cat, dog, horse, and man. 

In the goose, food, whether solid or liquid, is carried down the esoph¬ 
agus by peristalsis alone, at an average rate of a little more than a 
centimeter per second. Shooting of liquid from the mouth down the 
esophagus, therefore, floes not occur in the goose, for the structures in 
the mouth are not adapted to this movement. Hence, in the absence of 
squirting, gravity plays a greater part. Cannon found that when the 
mylohyoid muscles are paralyzed the mammal raises the head in 
swallowing and thus relies to a greater extent on gravity. Under these 
conditions the mammal swallows after the manner of some birds. 

In the dog and cat solid and semisolid foods pass down by peri¬ 
stalsis alone, whereas liquids are squirted for some distance down the 
esophagus, to be carried into the stomach by a peristalic wave. In t e 
cat a bolus requires 9 to 12 seconds to reach the stomach; in the cog, 

4 to 5 seconds. # . 

In the horse solid and semisolid foods pass by peristalsis n ^ onC| ' 
a rate of 35 to 40 cm. per second. Liquids arc squirted down 0 
esophagus, by a contraction of the mylohyoid muscles, at a rate more 
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than five times as great as the rate of solid or mushy foods. It is easy 
to convince oneself of the essential correctness of these statements for 
the horse by observing the animal while it is eating or drinking. In 
the cow and in man the condition is similar to that in the horse. In 
quadrupeds during grazing swallowing nas to take place largely against 
gravity. 

Cinefluorographic studies of deglutition in man have been made 
(Rushmer and Hendron). 

Nervous Control. Swallowing is a reflex act. The placing of food 
in position for the commencement of swallowing is under voluntary 
control but requires no attention. In the pharyngeal mucous mem¬ 
brane are certain sensory spots which when stimulated cause swallow¬ 
ing. In all animals a chief spot lies in the course of the bolus from 
mouth to pharynx. In the rabbit it is on the fore part of the soft palate 
and is innervated by the maxillary branch of the trigeminal nerve. In 
the dog and cat it is on the dorsal wall of the pharynx and is supplied 
by the glossopharyngeal nerve. It has been shown that when a local 
anesthetic is applied to the chief spot swallowing becomes, for a time, 
difficult or impossible. Less sensitive spots have been mapped out at 
the lower part of the pharynx, supplied by the anterior and posterior 
pharyngeal nerves; the dorsal surface of the epiglottis, supplied by the 
anterior laryngeal nerve; and other places. 

The deglutition center is made up of a group of nerve cells located 

in the floor of the fourth ventricle. It is a correlation center presiding 

over the motor nuclei of the various nerves involved in swallowing. 

The center is stimulated by afferent impulses from the sensory spots 

mentioned above. As a result of such stimulation the center orders a 

series of nerve impulses to the muscles concerned in swallowing. Action 

begins with tongue movements and extents to peristalsis of the"esopha¬ 
gus. 

Several types of peristaltic waves can occur in the esophagus. 
Those waves caused by discharges from the center when it is stimu¬ 
lated from the pharyngeal region, that is, those which run the entire 
course of the esophagus, are designated as primary waves; those that 
arise from local stimuli, for example, food remnants, in the esopha¬ 
gus are designated as secondary waves. The former are not interrupted 
even by complete transection of the esophagus; the latter are depend¬ 
ent on the continuity of the tube. To these types of movement in the 
esophagus must be added a third type found only where smooth muscle 
exists in the terminal part of the esophagus in some animals. 

The esophagus is supplied with motor nerve fibers by the vagi. In 
the thoracic portion the esophageal branches of the vagi supply the 
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tube, in the lower cervical portion the recurrent laryngeal nerves, and 
in the remaining part the pharyngo-esophageal nerves. In a recent 
study of the innervation of the esophagus of several species, particu¬ 
lar attention was given to the pharyngo-esophageal nerve and the part 
it plays in the control of the esophagus. This nerve has not received 
the attention it merits in some investigations of the nervous control 



Fid. 91.— Innervation of the esophagus of 
the dog. IX, glossopharyngeal nerve; X, 
vagus nerve; GN, nodose ganglion; PE, 
pharyngo-esophageal nerve; RL, recurrent 
laryngeal nerve; SCG, anterior cervical 
ganglion; SL, anterior laryngeal nerve; SP. 
anterior pharyngeal nerve. (From Hwang. 
Grossman, and Ivy, American Journal of 
Physiology, 1918, 154.) 


of the esophagus (Hwang, Grossman, and Ivy). It arises from ^ 
vagus above the nodose ganglion, and in the dog and cat it sll PP 1 
the main motor innervation of the cervical part of the esophagus, 
innervation of the esophagus of the dog is illustrated in Fig. 91- ^ 

pathetic nerves have been shown to exert some influence o\er ^ 
terminal part of the esophagus. Primary and secondary penstase ^ 

the esophagus are dependent on the integrity of the " 1 eans 

peristalsis in the smooth-muscle part is of local origin. us rn ^ 
that this part of the esophagus is largely independent of t ic ne 
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system so fur us motor activity is concerned and is therefore auto¬ 
matic. The stomach and intestine also possess a high degree of motor 
automaticity. 

Cardia. The opening of the esophagus into the stomach, the cardia, 
is closed by a sphincter of smooth muscle known as the cardiac 
sphincter. Its degree of development varies in different animals. In the 
horse it is supposed to be especially well developed and powerful; in 
ruminants it is not well developed. The function of the sphincter is 
to inhibit the passage of food from the stomach into the esophagus. 
Except during swallowing and regurgitation, the cardia is probably 
ordinarily closed. Cannon held that the closure of the cardia is caused 
by acidity in the stomach, but later work (Carlson, Boyd, and Pearcy) 
throws doubt upon this conclusion. The cardiac sphincter is composed 
of smooth muscle and is therefore capable of a certain amount of 
independent or automatic activity, varying with changing conditions 
on the esophageal and stomach sides. Nevertheless, the muscle is under 
some degree of control from the central nervous system. Carlson, Boyd, 
and Pearcy have studied its innervation in the dog, cat, and rabbit. In 
the cat the vagi and splanchnic (sympathetic) nerves contain both 
motor and inhibitory fibers for the cardia. In the dog and rabbit stimu¬ 
lation of these nerves gave results that suggested some differences from 
the condition in the cat, but it is possible that the variations obtained 
were due to the degree of tonus of the sphincter at the time of stimu¬ 
lation. The activity of the motor and inhibitory nerve fibers of the 
cardiac sphincter is probably controlled reflexly. 



Chapter Xlll 


DIGESTION IN THE SIMPLE STOMACH 


AFTER the food is swallowed, it is received by the stomach, where 
ii it is submitted to the various factors that collectively constitute 
gastric digestion. The relative complexity of stomach digestion varies 
considerably in different animals, depending upon the structure and 
functions of the stomach and the kind of food naturally consumed 
by the animal. 

As regards stomach structure and function, domestic animals fall 
into two general classes, ruminants and nonruminants. The ox, sheep, 
goat, camel, llama, and buffalo belong to the former class; the other 
domestic animals belong to the latter. The stomach of nonruminants 
is relatively simple, consisting of only one compartment. For this rea¬ 
son it is frequently referred to as the simple stomach. That of rumi¬ 
nants is more complex, consisting typically of four compartments, only 
one of which secretes gastric juice. Digestion in the simple stomach will 
be described first, then in the ruminant stomach. 

Among the simple-stomached animals are found carnivores, herbi¬ 
vores, and omnivores. The natural foods of these animals therefore 
vary greatly. Nevertheless, in stomach digestion in all animals there 
are many points in common. Since more is known about digestion in 
the dog than in any other animal, the dog will be used as the basis for 
the description of the processes in the simple stomach. The processes 
in the cat are very similar to those in the dog. Certain features apply¬ 
ing to the pig and the horse will be indicated in appropriate places. 

Functions of the Stomach. The stomach is not only an organ in 
which important factors of digestion operate; it is also a reservoir for 
swallowed food. Furthermore the stomach produces an “intrinsic fac¬ 
tor,” probably an enzyme, which is concerned in the absorption of 
vitamin B, 2 from the intestine (p. 31). The stomach therefore functions 
in hematopoiesis. 

Observations on the effect of complete removal of the stomach 
( gastrectomy) indicate that the organ is not essential to life. Gas¬ 
trectomy has been performed on animals of several species (rat, dog, 
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pig, monkey) and the results indicate clearly that, with the possible 
exception of the rat, the stomach is a dispensable organ. Ivy (1940), 
who has studied and reviewed the effects of gastrectomy in animals, 
points out, however, that removal of the stomach imposes a number of 
burdens on the organism; among them, (1) a reduction of the factor 
of safety in digestion, (2) a strain on the digestive and absorptive 
functions of the intestine, (3) pressure on the calcium stores of the 
body, which results from the acid tide that develops during digestion 
in the gastrectomized animal, (4) a tendency to develop anemia (not 
pernicious anemia). 

The effects of gastrectomy are more severe in growing and pregnant 
animals than in others. Any gastrectomized animal must receive ade¬ 
quate nutritional care. 

REGIONS OF THE GASTRIC MUCOUS MEMBRANE 

Tlie stomach is a hollow, saclike organ whose wall is made up of 
four coats. From without inward these are the serous and muscular 
coats, the submucosa, and the mucous membrane. The mucous mem¬ 
brane is clearly divisible into several zones, most of which contain 
glands. Usually three gland zones—cardiac, fundic, and pyloric—are 
present, and in some animals a glandless esophageal region is found. 

In the horse the esophageal region is large, making up one-third to 
two-fifths of the mucous surface. It is nonglandular and is covered 
with stratified squamous epithelial cells continuous with those of the 
esophagus. The cardiac gland zone is below the esophageal part and is 
very narrow. The fundic gland zone is large. The pyloric gland zone 

extends to the pylorus. It corresponds to the pyloric part of the stomach 
of the dog and of man. 

In the pig the esophageal region is limited to a small area around 
the cardia. The cardiac gland zone is very extensive, occupying the left 
extremity of the stomach. The fundic and pyloric gland zones are com¬ 
parable in position to those of the horse. 

In the dog the esophageal region is lacking. The cardiac glands are 
found in a narrow zone around the cardia and are also scattered along 
the lesser curvature. The fundic gland zone is extensive, occupying 
about two-thirds of the gastric mucous membrane including that of the 
left extremity or fundus. The pyloric gland zone occupies the re¬ 
mainder of the mucous membrane. 

GASTRIC GLANDS 

The gastric glands are located in the mucous membrane and open 
upon its surface by numerous orifices. They are tubular or branched 
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tubular in type. Three main classes of gastric glands are distinguished: 



cardiac, fundic, and pyloric. 

Cardiac Glands. These occupy the cardiac gland zone. Consider¬ 
able controversy has existed regarding the significance of the cardiac 
glands, especially in the pig. Bensley expressed the opinion that they 

are mucus-secreting glands and 
’ therefore do not produce enzyme. 
According to this worker, they 
are to be regarded as retrogres¬ 
sive structures derived from the 
fundic glands and destined ulti¬ 
mately to disappear. If this is 
true, it may afford an explana¬ 
tion of the absence of glands in 
the extensive esophageal region 
of the horse. This may simply 
be a zone from which glands have 
disappeared in the course of evo¬ 
lution. Ellenberger and Scheunert 
reported that, contrary to their 
earlier views, the cardiac glands 
of the pig do not secrete an amy¬ 
lase. This was determined from 
studies on the secretion obtained 
from an experimentally produced 
fistulous pouch on the cardiac 
gland zone. 

Fundic Glands. These are the 
proper gastric glands (Fig. 92). 
The gland cells are of three main 
kinds: body chief cells, neck chief 
cells, and parietal cells. The body 
chief cells are undoubtedly the 
enzyme producers. Their so- 
called zymogen granules are gen¬ 
erally assumed to be the sub¬ 
stance from which enzyme is de 
rived, although definite proof i9 
lacking. The neck chief cells line the upper part of the gastric glands. 
They are believed to be mucus-secreting cells. According to Bcnscy« 
they are similar to the cells of the cardiac and pyloric glands. e 
parietal or border cells arc generally regarded as being the producers 

of the hydrochloric acid of the gastric juice. 


Fio. 92.— Photograph of fundic glnnds 
of pig. The parietal cells appear lighter 
than the chief cells. (Courtesy of Dr. 
Margaret SIoss.) 



SIMPLE STOMACH 


325 


Pyloric Glands. These are found in the pyloric regions of all stom¬ 
achs. Parietal cells are lacking. The secretion of these glands contains 
mucus and a small amount of a proteolytic enzyme. Tim and Dott 
studied the secretion by isolating the pyloric segment of the stomach 
of the dog and forming the segment into a pouch opening to the outside. 
The secretion was found to be viscid, scanty, and slightly alkaline. It 
contained a proteolytic enzyme only a twenty-fifth as active as pepsin 
secreted by the fundic glands. These workers state that the proteolytic 
action of an extract of the pyloric mucous membrane of the calf has 
been found to be only one-twentieth of that of fundic extract; of the 
pig only one-fortieth. 

GASTRIC JUICE 

The term gastric juice usually means the secretion of the fundic 
glands together with the mucous secretion produced by their neck chief 
cells and the surface epithelium. However, the term is sometimes ex¬ 
tended to include also the secretion of the pyloric and cardiac glands. 
The secretion of the fundic glands is so important physiologically that 
it may be considered in detail. 

Methods of Obtaining Gastric Juice. Pure gastric juice cannot 



bio. 93. Fisulas of esophagus and stomach. When the dog eats, food does not 
enter the stomach but falls out of the lower end of the upper part of the esophagus. 

oweyer gastric juice is secreted, under the influence of cephalic stimuli, and can 
be collected as it flows out of the cannula in the stomach. The dog is fed through 

(Hbher m £ g m £. U ' e ,ow ® r part of the esophagus or through the stomach fistula 
(Hober, from Winton and Bayliss, Human Physiology.) 


be obtained merely by use of the stomach tube or by means of a simple 
fistula of the stomach. In such cases the juice is likely to be mixed 
'VI 1 saliva, pyloric secretion, food, and regurgitated intestinal juices 
Hence the pure secretion must be obtained in some other way. 
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Several extensive studies have been made on men with gastric 
fistulas. Beaumont’s study of Alexis St. Martin is a classic in physi¬ 
ology. St. Martin had a gastric fistula that resulted from a gunshot 
wound. Accidental occlusion of the esophagus as a result of the inges¬ 
tion of some caustic substance or very hot food may necessitate the 
making ot a fistulous opening into the stomach, through which the 
patient feeds himself by inserting previously masticated food. Studies 
of several such cases arc on record. Carlson and co-workers (Carlson, 
1910) studied such a case over a period of years at the University of 
Chicago. More recently Wolf and Wolff have made an extensive 
investigation of stomach function on a man with a gastric fistula. As 
a result of the sensations of eating, gastric juice is secreted, and this 
may be obtained through the fistulous opening. 

In animals gastric juice may be obtained by the following experi¬ 
mental procedure: A fistula is made into the stomach; then the 
esophagus is fistulized in such a way that the upper and lower parts 
communicate with the outside through openings in the neck (Fig. 93). 
W lien the animal is fed, the meal does not enter the stomach but falls 
out of the upper opening in the neck. Yet, as a result of the stimulus 



Fio. 91.—Diagram of the Pavlov 
or fundic pouch. The pouch 
communicates with the outside 
through an opening in the wall 
of the abdomen. The dotted 
lines at the base of the pouch 
indicate the double septum of 
mucous membrane constructed 
there. (From Lim and Dott, 
Quarterly Journal of Experi¬ 
mental Physiology, 1923. 13.) 


of eating, gastric juice is secreted and it passes out through the stomac 
fistula. Barring admixture with intestinal contents, juice so obtaincc 
is pure, although of course it is not composed solely of fundic g' an 
secretion. This operation was devised by Pavlov, who performed it on 

dogs. 

Better than the esophageal—gastric-fistula method for many P 11 
poses is another procedure of Pavlov in which a part of the fum us o 
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the stomach is made into a pouch opening to the outside through the 
abdominal wall (Fig. 94). The pouch is left attached to the main 
stomach, but their cavities are entirely separate. The poucli lias an ade¬ 
quate blood supply and the sympathetic innervation is not disturbed. 
The general belief has been that the vagal innervation of the pouch is 
largely intact. Recent work indicates, however, that when the Pavlov 
pouch is made in the usual way the bulk of the vagus nerve supply is 
abolished (Jemerin and Hollander). Technics have been devised for 
making stomach pouches possessing an unquestioned vagal innervation 
(Hollander and Jemerin; Neuwelt, Olson, and Necheles; Thomas). 

The Heidenhain pouch (Fig. 95) is similar to the Pavlov pouch 
except that it is completely separated from the main stomach. Its vagal 


Fig. 95.—The Heidenhain 
pouch. Note that it is com¬ 
pletely separated from the main 
6tomach. The dotted line indi¬ 
cates degenerated vagal nerve 
fibers. The sympathetic fibers 
are intact. (From Lim, Ivy, and 
McCarthy, Quarterly Journal of 
Experimental Physiology, 1925 
15.) 


HElOC NMAlIM 



nerve supply is thereby abolished. (However, if the Heidenhain pouch 
is made high on the greater curvature and near the cardia, it probably 
receives some vagal innervation via the blood vessels and the greater 
omentum [Friedman].) Many other kinds of stomach pouches have 
been devised. Gastric pouches have been made in animals of a number 
of species including ruminants. 

The fundic pouch secretes gastric juice in unison with the main 

stomach. From the pouch, or miniature stomach, the pure juice mav 
be obtained. 

Composition and Action. Gastric juice (freed of its mucin con¬ 
tent) is a clear, colorless, watery secretion of a distinctly acid reaction 
and taste. Its specific gravity in the dog is 1.002 to 1.004 or more in 
the goat 1.006, in the calf 1.002 to 1.003. It consists of water organic 
substances, inorganic salts, and hydrochloric acid. The accompanving 
table (Rosemann) shows the details of its composition in a dog The 



328 


PHYSIOLOGY OF DOMESTIC ANIMALS 


juice was obtained by sham-feeding a dog having a divided esophagus 
and a gastric fistula. 


Specific gravity 
Freezing point 
Dried residue 
Ash 

Organic matter 
Total Cl 
Titratable HC1 
Cl in ash 
K, Na, Ca, Mg. Fe 


1.002 to 1.004 
—0.638 to —0.490°C. 
0.4277 per cent 
0.1325 per cent 
0.2944 per cent 
0.6137 per cent 
0.5472 per cent 
0.0653 per cent 
smull amounts 


The pH of pure gastric juice obtained from a stomach pouch of the 
dog is slightly less than 1. 

As a part of the organic matter of gastric juice at least three en¬ 
zymes are found: pepsin, rennin, and gastric lipase. 

Pepsin. This is a proteolytic enzyme formed in the body chief cells 
of the fundic glands. It is found in the stomach of all vertebrates. It 
exhibits the general properties of enzymes and may be extracted with 
water or other solvents from the fundic mucous membrane. It has 
been prepared in crystalline form. Crystalline pepsin is a protein. 
Before pepsin can produce its action of hydrolyzing protein it must 
be activated. This is accomplished, in the stomach, by hydrochloric 
acid. Contrary to the former view, the activation by hydrochloric acid 
is now believed to be nonspecific and due simply to the establishing 
of a favorable hydrogen ion concentration for the action of pepsin 
(Waldschmidt-Leitz). The optimum pH for the action of pepsin varies 
somewhat with different proteins and ranges from approximately pH 
1.5 to 3. Pepsin in this favorable acid medium converts proteins into 
proteoses and peptones. These compounds require complete, or nearl> 
complete, hydrolysis to amino acids before absorption, but such hydrol¬ 
ysis is not accomplished in the stomach. It is said that amino aci 8 
result from peptic—hydrochloric-acid action only when the action is 
continued for a much longer time than is available during the sojourn 
of the food in the stomach. The complete hydrolysis of the peptio—" 
hydrochloric-acid digestion products is accomplished by enzymes in 

the intestine. # . . 

Rennin. This is a milk-coagulating enzyme found in the gas 

juice of the calf and probably other young ruminants. For years i wa ^ 
thought that a similar enzyme was found in the gastric juice o ^ 
young mammals. Present evidence does not support the Infter v,( ’ 
The milk-coagulating enzyme of the gastric juice of other mamm ^ 
is apparently the same as pepsin. All proteinases have t e powe 
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clotting milk, but they carry the action on casein much beyond that 
caused by rennin. The action of rennin is to change casein to para¬ 
casein. Calcium ions then react with paracasein to form the gel calcium 
paracaseinate. The steps may be represented as follows: 

Casein + rennin = paracasein (soluble), 

Paracasein -f Ca = calcium paracaseinate (coagulum). 

The advantage in digestion of having milk coagulated in the stomach 
is probably to delay its passage through the stomach. In this way 
the action of pepsin on the milk proteins would be prolonged. Rennin 

is activated by hydrochloric acid. It has been prepared in crystalline 
form. 

Gastric Lipase. This enzyme, reported in 1900, occurs in small 
amounts in pure gastric juice. Its concentration in the juice of the 
dog is five or six times that of lipase in the blood (Hull and Keaton). 
Its presence in gastric juice is therefore not incidental to the presence 
of lipase in blood. Gastric lipase is most abundant in carnivores and 
rodents, almost absent in fish and birds, and practically absent in 
ruminants (Haurowitz and Petron). Its action is to hydrolyze fats into 
their constituent fatty acids and glycerol, but it is doubtful if this ac¬ 
tion extends beyond fats ingested in a state of emulsification, for 
example, milk fat, for the amount of lipase is too small for the enzyme 
to make much impression on unemulsified fats. Fat digestion is ac¬ 
complished mainly by pancreatic lipase in the intestine. The optimal 
pH for the action of gastric lipase of several domestic animals is as 
follows (Haurowitz and Petron): dog, 6.3; cat, 5.5; rabbit, 6.3- pig 
7.1; sheep, 6.3; horse, 7.5. ' * 

Hydrochloric Acid. This important constituent of gastric juice ap¬ 
pears, like pepsin, to be present in all vertebrates. It is produced by 
the parietal cells of the fundic glands, but the manner in which these 
cells give rise to a strong acid, hydrochloric, is uncertain. According to 
one point of view, the cells are the direct producers of the acid. Accord¬ 
ing to another, though the cells may produce the forerunners of acid, 
they do not produce the acid itself, the cells being in fact slightly alka¬ 
line in reaction; the acid is not produced until the precursor reaches 
the crypts of the glands. 

The chemical or physicochemical changes involved in the produc¬ 
tion of hydrochloric acid by the parietal cells are not known. A number 
of hypotheses have been proposed, but a generally acceptable theorv 
is lacking. For details the reader may consult textbooks of biochem¬ 
istry, the review by Gray (1942), or the book by Babkin 

Carbonic anhydrase (p. 260) is present in the parietal cells of the 
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gastric glands, but there is no clear evidence that it is an essential part 
of the mechanisms having to do with the production of hydrochloric 
acid (Davenport). 

The concentration of hydrochloric acid in the pure gastric juice of 
the clog is about 0.55 per cent (Rosemann). Its concentration in the 
stomach contents varies with the nature of the food, the stage of diges¬ 
tion, the amount of saliva to be neutralized, and other factors. When 
protein predominates, hydrochloric acid accumulates more slowly be¬ 
cause the first acid secreted combines with protein. As digestion pro¬ 
ceeds, the concentration of hydrochloric acid in the stomach is kept 
down by the regurgitation of alkaline fluids from the duodenum 
(BoldyrefT). 

While hydrochloric acid is the only acid produced by the gastric 
glands, it is not the only one found in the stomach. In herbivores, 
where the concentration of hydrochloric acid in the gastric juice ap¬ 
pears to be less than in omnivores and carnivores, considerable amounts 
of organic acids (acetic, butyric, lactic, and others) may be present 
because of bacterial action on food carbohydrates. The contents of the 
stomach of the horse have been shown to vary in reaction from pH 
1.13 to 6.8 (Schwarz, Stcinmctzcr, and Caithaml). 

The functions of hydrochloric acid may be summarized as follows: 
(1) It activates pepsin and rennin. (2) It co-operates with pepsin in 
the digestion of protein. (3) It may bring about a slight hydrolysis of 
sucrose; however, this function is unimportant. (4) It acts as a stomach 
antiseptic, although the importance of this action is probably over¬ 
estimated (Carlson, 1923). 

CONTROL OF GASTRIC SECRETION 

In man and apparently in the horse (p. 338) the secretion of gastric 
juice is a continuous process. In the dog and cat it is intermittent. The 
cause of the continuous secretion is unknown. The rate of secretion 
increases when food is eaten. 

The question of how the gastric glands are excited to the marke 
activity that accompanies and follows a meal has received much 
attention. It has been recognized for years that at least two kirn s 
of stimuli—nervous and chemical—are involved. Work in recent years 
has greatly extended our knowledge of the control of gastric secretion 
(Lim, Ivy, and McCarthy; Ivy, 1930, 1942; Grossman; Babkin), 
but important gaps remain. The secretion may be divided into t ree 
phases—cephalic, gastric, and intestinal—depending upon the p ace 
of origin of the stimuli. 

Cephalic Phase. As a result of the sensations of eating, nerve 
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impulses are discharged from a gastric secretory center to the gastric 
glands. Secretory fibers to the glands are contained in the vagi, for 
transection of these nerves or the injection of atropine abolishes the 
cephalic phase. This phase takes place even when no food is permitted 
to enter the stomach, as when an animal with a divided esophagus is 
fed a sham meal. The latent period for the secretion is, in the dog, 
usually four or five minutes. The stimuli arise largely because of a 
psychic state developed as a result of the sensations of eating, but in 
view of the fact that a decerebrate dog will secrete gastric juice when 
fed a sham meal, the term psychic is not entirely applicable. It is 
therefore better to use the word cephalic. Both conditioned responses 
and unconditioned reflexes are involved, and the peptic, acid, and 
mucous cells of the gastric glands are called into activity. This phase 
cf gastric secretion appears to be absent in herbivores. 

Gastric Phase. When food enters the stomach, a much more copious 
secretion takes place. This secretion can be demonstrated by feeding a 
dog provided with a Pavlov or some similar pouch, whereupon a free 
flow from the pouch results. In the dog, following a meal of meat, the 
maximum secretion is attained in one hour, after which it diminishes, 
at first sharply and then more gradually, to the fifth hour (Pavlov). 
The gastric phase of gastric secretion is due to at least two kinds of 
stimuli, mechanical and humoral. 

Mechanical Stimulation. When food or even inert substances come 
in contact with the stomach mucous membrane, a flow of gastric juice 
is set up. This flow might be caused by stimulation of the gastric glands 
through a local nervous mechanism or by an increase in the blood 
supply to the glands, although definite knowledge is lacking. 

Humoral Stimulation. That the gastric glands are excited by chemi¬ 
cal substances present in the food or produced during gastric digestion 
was shown to be probable by the work of Pavlov, Edkins, and others. 
Edkins showed that extracts made by treating pyloric mucous mem¬ 
brane with weak hydrochloric acid, boiling water, peptone, or glucose 
would, when injected into the blood stream of an animal, cause a flow 
of gastric juice. He believed that the products of digestion acting on 
the pyloric mucous membrane caused the development of a substance 
(gastrin) which when absorbed into the blood stimulated the fundic 
glands to activity. While the correctness of Edkins’ observations have 
not been questioned, his methods and conclusions have been criticized 
by subsequent workers. But that his views of a chemical excitant for 
the gastric glands acting through the blood stream (humoral mecha¬ 
nism) were correct in principle is indicated by the work of Ivy and 
Farrell (1925), in which a gastric (fundic) pouch was permanently 
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transplanted under the mammary gland. When the dog was fed, the 
pouch secreted gastric juice. Clearly, when food was consumed, some- 
thing (fiom the stomach, intestine, or both) entered the blood stream 
and was conveyed to the transplanted pouch, causing it to secrete. Lim 
and Necheles have supplied evidence that a humoral mechanism is 
concerned in gastric secretion. They passed through a dialyzer the 
circulating blood of dogs during digestion. When the dialyzate was 
injected into other dogs, gastric juice was secreted. Experiments such 
as these leave no doubt that a chemical stimulus carried by the blood 
stream is concerned in gastric secretion. The question of whether the 
stimulus is a hormone has not been decisively answered, although 
strong evidence of its hormonal nature has been obtained. Indirect 
evidence (Gregory and Ivy) has been obtained that the gastric com¬ 
ponent of the humoral mechanism is a hormone. Experiments by Sacks 
and co-workers suggest that histamine is the gastric hormone, or one 
component of it. Histamine occurs in the gastric mucosa in considerable 
amounts. Injected into an animal, histamine is a very powerful stimu¬ 
lant to gastric secretion. Evidence against the view that histamine is 
the gastric secretory hormone has been obtained by several workers 
(Komarov, Macintosh). 

The pyloric portion (antrum) is the principal, if not the only, 
source of gastrin (Dragstcdt and co-workers). 

Gastric juice obtained during the gastric phase of gastric secretion 
has a low pepsin content. 

Distention of the pyloric portion of the stomach results in a Im¬ 
morally transmitted stimulus for gastric secretion of hydrochloric acid. 

I he humoral agent concerned is presumably the same as gastrin. 

Intestinal Phase. That an intestinal phase of gastric secretion is 
present has been shown in the following way: A pouch of the en¬ 
tire stomach of a dog was made, the esophagus was joined to the 
duodenum, and the vagi were cut. When the dog was fed, food en¬ 
tered the intestine directly, and a copious flow of gastric juice took 
place within an hour. Evidently something in the food, or, more likely, 
something formed during digestion of the food, entered the blood 
stream from the intestine and stimulated the gastric glands to activity. 
Other evidence has been obtained that the humoral excitant for the 
gastric glands includes a component liberated from the intestinal 
mucosa (Gregory and Ivy) as well ns one from the pyloric mucous 
membrane. 

Relative Importance of the Three Phases. By using several kinds 
of isolated stomach pouch preparations in dogs, Dragstcdt and co- 
workers sought to determine the relative importance of the three phases 
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of gastric secretion as judged by the volumes of gastric juice secreted 
in the different phases. They concluded that the nervous (cephalic) 
phase probably accounts for 45 per cent of the total daily secretion, 
the antral phase 45 per cent, and the intestinal phase 10 per cent or 
less. As a result of the action of all three phases an average maximal 
secretion of 1700 ml. is produced in 24 hours. 

Secretion and Function of Mucus. Gastric mucus is derived from 
the cardiac and pyloric glands, the neck chief cells of the fundic glands, 
and the surface epithelium. According to Carlson (1923), the secretion 
of gastric mucus is a process largely independent of the secretion of 
water, hydrochloric acid, and enzymes. Stimulation experiments (Jen¬ 
nings and Florey) reveal that the vagus nerve controls the secretion 
of mucus by these structures. The surface epithelial cells of the stom¬ 
ach apparently do not respond to vagal stimulation. Mucus functions 
by physically protecting and lubricating mucous membranes, and pos¬ 
sibly in other ways (Ivy). 

Inhibition of Gastric Secretion and Motility: Enterogastrone. 
When fat or sugars are ingested in sufficient amounts, gastric secretion 
and motility are inhibited. This inhibition has been shown by several 
groups of workers to be caused by a hormone, enterogastrone, formed 
in the intestine and carried to the stomach by the blood. Gray, Bradley, 
and Ivy have described a method for the preparation of an extract of 
duodenal mucosa of the pig which shows an inhibitory effect on both 
gastric secretion and motility. In later studies Gray and co-workers 
obtained evidence suggesting that enterogastrone is two principles, one 
inhibiting secretion, the other inhibiting motility. The question as to 
whether there are separate hormones is still unsettled (Grossman). 

Normal urine has been shown to contain a substance which exerts 
an inhibitory action on gastric secretion. It has been designated as 
urogastrone. It is apparently not identical with enterogastrone. Its 
physiological significance, if any, is unknown. 

OTHER BIOCHEMICAL PROCESSES IN THE STOMACH 

Certain digestive changes are brought about in the stomach by 
agents that are not a part of gastric juice. In the stomach of man 
salivary digestion of starch is continued for 15 to 30 minutes or more; 
it is stopped by hydrochloric acid. Somewhat similar conditions prob¬ 
ably prevail in the stomach of the pig, though the amylolytic action of 
pig’s saliva is much weaker than that of human saliva. 

In the stomach of herbivorous animals bacteria as well as plant 
enzymes begin their activity. As the concentration of hydrochloric 
acid increases, their action is inhibited. Bacteria attack mainly 
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cellulose, but other carbohydrates and proteins do not escape their 
action. Bacterial digestion of cellulose is discussed elsewhere (p. 378). 
The action and significance of plant enzymes in digestion have not been 
extensively studied. They may be of some importance in the stomach 
of the horse and pig and in the rumen. 

FILLING OF THE STOMACH 

The stomach possesses a remarkable power of adapting its size to 
the amount of ingesta in it (Grey). The empty stomach is contracted 
and tubular in form and is bent upon itself at the junction between 
the fundic and pyloric portions—the incisura angularis. That such is 
the case in carnivores and man is indicated by roentgen-ray studies. 
It is only when the stomach is more or less filled with food that it as¬ 
sumes a piriform shape. Even in this condition the intragastric pres¬ 
sure is not normally high, the stomach musculature having relaxed in 
order to accommodate the food. The stomach of the horse and of other 
herbivores does not empty itself between meals but only after a fast 
of considerable duration. What shape the empty stomach of the horse 
assumes is not known, but it is not likely that its postmortem shape 
when empty represents the condition in life. 

Studies by Ellenberger, Scheunert, and others (reviewed by Sisson, 
1914b, 1923b) show that in the stomach of the horse there is a marked 
tendency for the food to arrange itself in strata in the left extremity 
and body. It is only in the pyloric part that mixing or churning takes 
place. Cannon (1911) has shown that a similar condition is present in 
the stomach of the cat. Work by Scheunert and Kiok shows that as 
regards stratification the stomach of the pig behaves similarly to that 
of the horse; the strata remain for many hours. Even in the stomach 
of man there is some tendency toward stratification. 

In the horse the first food consumed passes into the ventral re¬ 
gion of the stomach. Subsequent arrivals of food lie on previous arrivals 
in the form of layers or piles, or they settle into or around them, de¬ 
pending on the physical character of the food. These facts were shown 
by feeding horses with a series of artificially colored foods and later 
killing the horses, removing and freezing the stomachs, and studying 
the arrangement of the contents. In order to mark the food remaining 
in the stomach from the previous meal, the horses were given water 
colored with malachite green in the morning before feeding. In t is 
way it was found that the food remaining from the last meal occupic 
about a third of the stomach and lay along the greater curvature an 
in the pyloric and fundic regions. The amount varied in different su 
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jects and with different diets, and was in some cases a little more than 
7 kg. 

In view of the stratification of ingesta in the stomach of the horse 
and the fact that the stomach is not large enough to hold an ordinary 
meal and any considerable quantity of water, a question has arisen 
concerning the effect on gastric digestion of watering horses when the 
stomach is full. Scheunert studied this question by feeding horses 
and later giving them water so colored that its distribution in the 
stomach and intestines could be seen upon postmortem examination. 
Among the conclusions reached by this investigator are the following: 
(1) The drinking of water in any amount desired by the animal causes 
no harmful effect on digestion. (2) The increase in the water content of 
the stomach ingesta is not over 10 per cent above the ordinary water 
content. (3) Most of the water passes out of the stomach quickly. (4) 
When the stomach is well filled, the water enters the contents very 
superficially. Little or no water finds its way into the left extremity. 
It apparently passes first to the central part of the stomach and thence 
along each side and the greater curvature to the pylorus. (5) Only 
when the stomach contains little food is the mass penetrated through¬ 
out by the water drunk. Further experiments showed that no washing 
out of food from the stomach occurred when horses which had been fed 
were watered. Evidently, then, the arrangement of food in the stomach 
of the horse is not seriously disturbed by water drinking. Similar con¬ 
clusions have been reached by Linton and by Bergman. It is said that 
in the dog and man likewise water drinking has little effect on the ar¬ 
rangement of the gastric contents. 

Trautmann and Schmitt studied the amount of the stomach contents 
of pigs by means of cannulas inserted into the stomach. The animals 
did well during the studies, which extended over several weeks. The 
amount of the stomach contents was subject to variation in the same 
pig on different days in spite of identical treatment and feeding. Vari¬ 
ations among individuals were also noted. 

EMPTYING OF THE STOMACH 

The stomach of carnivores may practically empty itself between 
meals, whereas that of herbivores requires a fast of many hours’ dura¬ 
tion before it is empty. In the horse, according to Ellenbcrger and 
Hofmeister, at least 24 hours are required. Roentgen-ray observations 

indicate that the stomach of the pig still contains food after a dav’s 
fast (Neimeier). 

It is now a well-established fact that the food does not remain im- 
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prisoned in the stomach for several hours to be suddenly discharged 
into the intestine. The emptying of the viscus is a progressive process 
during the entire course of stomach digestion (Fig. 96). At frequent, 
irregular intervals ingesta from the stomach are forced into the in¬ 
testine by contractions of the stomach that raise the intragastric pres¬ 
sure above that in the duodenum. The pyloric sphincter was formerly 
thought to be of great importance in determining the passage of ingesta 
from the stomach into the intestine. At present less significance is 
attached to this mechanism. That the pyloric sphincter is not of great 
importance in gastric emptying is indicated by the fact that its surgical 
removal does little or no harm. Likewise the waves of peristalsis in the 
stomach probably do not have much to do with the pushing of ingesta 



Fig. 9G.—Changes in 
the shape of the stom¬ 
ach of a cat at inter¬ 
vals of an hour during 
the digestion of a 
meal, as revealed by 
tracings of the shadow 
cast on the fluorescent 
screen. (From Alvarez. 
The Mechanics of the 
Digestive Tract, ed 2, 
Paul B. Hocber, Inc.) 


into the intestine until they reach the distul half of the pyloric antrum. 
Before they reach this point the advancing waves do not elevate the 
pressure in the region of the sphincter and therefore do not cause 
propulsion of material from stomach to intestine. Normal evacuation 
of material from the stomach requires an adequate pressure gradient 
from stomach to duodenum. Otherwise the resistance to evacuation " 1 
not be overcome and material will not pass out. When the peristaltic 
wave reaches the middle of the antrum, sufficient pressure is produce 
to force material through the open pylorus under low pressure into t e 
duodenum. Peristaltic waves that fail to create enough pressure to force 
material into the duodenum may nevertheless cause mixing of the gas 
trie contents. This would apply to waves traveling from their origin m 
the region of the incisura angularis to the middle of the antrum. e 
wave progresses beyond the middle of the antrum, it is likely to occ u e 
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the lumen and thus to create enough pressure to overcome the resist¬ 
ance to evacuation. As a wave approaches the pylorus—that is, after 
the wave has passed the middle of the antrum—-the sphincter begins 
to contract and the resistance to evacuation is increased. But the 
pressure in the antrum now rises sharply, and effective evacuation 
therefore continues. The sphincter closes and the duodenal bulb con¬ 
tracts and forces ingesta down the duodenum. Closure of the sphincter 
is not essential to ending the evacuation cycle, for by the time the 
sphincter closes the antrum is already empty. 

Much of this description is based on work on dogs by Quigley, who 
has successfully used modern methods of pressure recording in studies 
of intraluminal pressures in gastric emptying and gastrointestinal 
propulsion. Quigley asserts that gastric emptying is determined mainly 
by the work of the antral pump—an effective pressure gradient from 
antrum to bulb. Antral tone, the frequency and depth of antral peri¬ 
staltic waves, and whether the waves die out or maintain themselves 
as they approach the sphincter—these are the main factors in de¬ 
termining the evacuation pressure. Antrum, sphincter, and bulb tend 
to work as a unit so far as motor activity is concerned. The pyloric 
sphincter is probably of more significance in preventing duodenal re¬ 
gurgitation than in regulating stomach evacuation. This does not mean, 
however, that regurgitation from the duodenum into the stomach never 
occurs. It certainly can occur under normal conditions. 

The nerves of the pyloric sphincter are the vagus and sympathetic. 
Although it is probable that both nerves contain motor and inhibitory 
fibers for the sphincter, the vagus is mainly inhibitory and the sym¬ 
pathetic mainly motor (Nakanishi). The results obtained when the 
neives of the sphincter are stimulated depend to a considerable extent 

upon whether the sphincter is relaxed or contracted at the time of 
stimulation. 

Further information on the physiology of the pylorus will be found 
in Alvarez’ book (1948). 

SIGNIFICANCE OF GASTRIC JUICE IN THE HORSE 

It has been estimated that a horse may swallow during a given 
meal two or three times the amount of material (food and saliva) re¬ 
maining in the stomach at the close of the meal. The excess, together 
with the food remaining from the previous meal, must pass on into the 
intestine during the meal, the first food consumed being in general the 
first to pass out. This consideration means that a good deal of the food 
cannot remain long in the stomach and raises the question of the im¬ 
portance of stomach digestion in the horse. If Bensley’s view is correct 
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that the esophageal zone is one from which gastric glands have dis¬ 
appeared and that the cardiac glands are partially degenerated fundic 
glands, then one is inclined to hypothesize that the stomach of the horse 
is an organ in which gastric juice plays a part of limited importance. 
Such a view gains additional support from the fact that bacteria play 
an important role in the digestive processes in herbivores and that 
in solipeds the complex large intestine supplements the relatively sim¬ 
ple stomach. But the hypothesis is somewhat weakened by the observa¬ 
tion that the stomach of the horse secretes a very considerable amount 
of gastric juice (10 to 30 liters daily). 

The horse is prone to digestive disorders of gastric origin. Possibly 
these arc due in part to the transition through which the stomach seems 
to be going. 

Gastric Fistula in the Horse. It is an old belief that it is practi¬ 
cally impossible to establish a gastric fistula in the horse because of the 
peculiar location of the stomach with respect to the abdominal wall and 
the supposedly great susceptibility of this animal to peritonitis. The 
Russian investigators Egorov and Cheredcov have successfully chal¬ 
lenged this view by establishing a gastric fistula in a horse. The fistula 
was of the simple type. The juice obtained from the stomach was there¬ 
fore mixed with saliva and at times with regurgitated intestinal con¬ 
tents. Nevertheless these complications did not seriously affect the 
validity of the observations that were made. 

The fistula was made in the fundic region of the stomach. At first 
a stomach cannula was used, but later the stomach was sewed to the 
abdominal wall. 

Under normal conditions of feeding the stomach was never empty. 
It always contained a mass of well-chewed food. After a day of fasting 
the stomach still contained particles of food; after a day and a half it 
occasionally contained food particles; after 2 to 2 J /2 days it was com¬ 
pletely empty. 

The secretion of gastric juice was continuous even during a fast of 
two days. The juice was removed from the stomach by means of a 
rubber tube inserted through the fistula. The empty stomach secrete 
10 to 30 liters of juice a day. The rate as determined during 10- or 15- 
minute intervals was not always constant. In one experiment in whic l 
the juice was removed from the stomach at 10-minute intervals, the 
following amounts were secreted in consecutive periods: 140 ml., > 
130, 130, 100, 100, 100, 100, 130, 130, 130, 130, 125, 80, 110, 80, 115, 

80,120,110,110,125,130,130,90. 

The sight of oats, the favorite food of the horse, did not cause any 
increase in the flow of gastric juice. Psychic secretion was there ore 
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lacking. In fact, there was some evidence of a decrease in the secretory 
rate. 

Mechanical stimulation of the stomach by means of a rubber tube 
passed through the fistula gave conflicting results on the rate of secre¬ 
tion. In later observations on this horse, however, mechanical stimula¬ 
tion was found to be effective in increasing the secretion of gastric juice 
(Poltyreff and co-workers). 

Atropine caused regurgitation of intestinal contents into the stomach 
and a considerable decrease in gastric secretion. 

Albumin in Mett’s tubes was readily digested by the juice. The 
hydrochloric acid content of the juice was 0.14 to 0.21 per cent. 

That the horse secretes gastric juice continuously during fasting has 
been confirmed by Troitskii. This investigator observed continuous, 
though undulating, secretion in young horses (IV 2 to 2 years old) during 
fasts lasting several days. The observations were made by means of 
gastric fistulas and a Heidenhain pouch. The irregularities of secretion 
rate could not be related to external factors or conditioned responses. 

GASTRIC JUICE OF THE PIG 

Observations on the gastric juice of the pig have been reported by 

Gilde and by Heyenga, who used fistulas of the stomach and of the 
esophagus. 

Am\ lase was not found in the secretion obtained from the stomach. 

Pepsin was always present in the gastric juice. The amount was subject 

to considerable variation. Lipase was not ahvays present. The acidity of 

the juice varied greatly. In two pigs the amount of juice secreted varied 

from 25 ml. to 300 ml. per hour. The dry matter of the juice varied 

from 0.9 to 2.4 gm. per cent; the ash content, from 0.4 to 0.8 gm. per 
cent. 

Little or no secretion took place when the reflux of duodenal juice 
(into the stomach?) w-as prevented by ligation of the duodenum be¬ 
tween the pylorus and the ductus choledochus. The conclusion was 
drawn that the reflux of duodenal contents (bile) is essential for the 
normal secretion of gastric juice in the pig. 

Gastric secretion and digestion in unw'eaned pigs have been studied 

by KvasnitskiT and Bakeevna, w’ho made gastric fistulas in the pigs 

during their first day of life. Observations were continued over a period 
of two months. 

STOMACH MOVEMENTS 

During gastric digestion the stomach wall becomes the scat of im¬ 
portant muscular movements whose action is to comminute the food. 
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to mix it with gastric juice, and, at intervals, to pass it into the duo¬ 
denum. Stomach movements have been extensively studied in the cat, 
dog, rabbit, and man, but only to a limited extent in the pig and horse. 

Methods of Studying Stomach Movements. Some of the methods 
by which stomach movements have been studied are as follows: (1) An 
important method is to immerse the opened abdomen of the animal 
in a bath containing warm physiological salt solution. The movements 
ran be viewed through the clear solution. By means of threads, writing 
levers may he attached to different places on the stomach. The levers 
are then made to write on a kymograph. Also motion pictures may be 



Fig. 97.—A simple 
method of recording 
stomach motility. The 
rubber tube is con¬ 
nected at one end to 
a small balloon and 
at the other end to a 
manometer (water, 
bromoform) arranged 
to write on a kymo¬ 
graph. The balloon is 
introduced into the 
stomach, either by 
way of the esophagus 
or through a gastric 
fistula. 


made of the stomach’s activity. The saline-bath method of studying 
stomach motility permits detailed observations to be made. (2) A bal¬ 
loon attached to rubber tubing may be introduced into the stomach, 
either by way of the esophagus or through a fistula of the stomach. The 
tube is then connected to a (water) manometer or other recorder, which 
writes on a kymograph (Fig. 97). In careful work it is important that 


the location of the balloon be accurately known. (3) The rotentgen ray 
affords an excellent method of studying stomach movements. Barium 
sulfate is fed to the animal to cause the stomach contents to produce 


the desired shadow. In this method of study the animal is entirely 
normal. (4) Stomach movements may be studied directly through a 
fistula. (5) An opening may be made in the abdomen and a glass or 
plastic plate fixed in the opening. Through the transparent plate 
stomach movements can be seen. (0) Small pieces may be removed from 
the wall of the stomach and suspended in warm, oxygenated Locke s 
solution. Tracings of their contractions can be made (Fig. 98). (7) 
an animal is killed and the abdomen quickly opened, stomach move- 
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merits may be seen for a time. Naturally the question arises whether the 
movements so observed represent the normal condition. (8) Quigley 
(1944) and Quigley and Brody have successfully used modern optical 
methods of pressure recording in studies of stomach and intestinal 
motor activity. 

All these methods of studying stomach movements may be applied 
also to the study of intestinal movements. 



Kinds of Stomach Movements. Although an enormous amount of 
work has been done on stomach movements, there is as yet no complete 
agreement as to their exact nature. Cannon’s roentgen-ray studies, ex¬ 
tending over a number of years, added much to our knowledge of gastro¬ 
intestinal movements. The more recent studies of Alvarez (1928 1940 
1948) on stomach and intestinal movements, reveal that the problem is 
more complex than is usually taught. Studies by M’Crea, M’Swiney, 
Stopford, and Morison show that the same type of movement does not 
predominate in all animals. The careful work of Quigley on intragastric 
pressures and gastric evacuation has already been referred to. In spite 
of the complexity of the movements and our lack of knowledge as to 
their exact nature, many generalizations are well established. 

The best-known stomach movement is a peristaltic wave beginning 
near the middle of the body of the organ and running toward the 
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pylorus. Whether such waves pass right to the pylorus or stop a short 
distance before they reach it and give way to systoles and diastoles of 
the pyloric part is a question. It is probable that the disagreement 
among workers is attributable in part to the failure of some to recognize 
that there are differences among the species. In the rabbit, dog, and 
man the type of movement characterized by peristalsis of the body and 
systole and diastole of the pyloric part is predominant. This type is 
less common in the cat; in this animal the common type is the one in 
which the peristaltic wave travels right to the pylorus. This latter type 
occurs also in the other species mentioned. Either type of movement 
would cause active churning of the food in the pyloric part. The rela¬ 
tion of movements in the pyloric antrum to gastric evacuation has al¬ 
ready been discussed (p. 335). The frequency of the peristaltic waves 
in the stomach of the rabbit, dog, and man is three or four per minute; 
of the cat, five or six per minute. 

The fundus and the upper part of the body of the stomach do not 
show peristaltic waves, but the musculature of these regions shows 
tonic contraction. 

By means of motion pictures Alvarez and Zimmcrmann (1928) have 
shown that other kinds of stomach contactions are present. They de¬ 
scribe shallow, nearly stationary contractions, contractions of local 
origin superimposed on traveling ones, relaxation waves, occasionally 
waves of reverse peristalsis, and so forth. The significance of all these 
types of activity has not been determined. 

Schalk and Amadon (1921) made a series of gastric motility studies 
in the home by the balloon-manometer method. The balloon and its 
attached rubber tube were introduced into the stomach by the nasal 
passage, pharynx, and esophagus. They found it difficult or impossible 
to interpret the tracings owing to inability to determine the position of 
the balloon in the stomach. Attempts to locate the balloon (in small 
horses) by the use of the roentgen ray were unsuccessful. The usual 
motor response of the hungry stomach to food entering it was powerful 
contractions. In some animals, however, feeding was followed by qui¬ 
escence lasting for hours. 

Motility of the stomach (as well as of the duodenum and cecum) 
of Equidae has been investigated by Brunaud and Dussardier. The 
animals were anesthetized and balloons were inserted by esophagotomv 
or laparotomy into the different regions of the alimentary canal. Kymo- 
graphic tracings were made. In several of the animals no stomach 
motility was observed. In others contractions lasting 10 to 40 secon s 
and recurring every 3 to 5 minutes were evident. In one animal a re 
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lationship between motility of the stomach and that of the duodenum 
was seen. 

Alexander studied the horse stomach by recording motor activity 
of (1) muscle strips obtained from the stomach, (2) the excised 
stomach, and (3) the stomach of the unanesthetized horse by the use 
of a balloon and stomach tube attached to a water manometer. Muscle 
strips from the saccus cecus, body, and pyloric part contracted rhyth¬ 
mically, the pyloric strips showing a faster rate. Adrenaline inhibited 
contractions and acetylcholine increased tonus. The excised stomach 
contracted only feebly, even when perfused via the gastric arteries. 
Good motility was obtained from the stomach of unanesthetized horses 
provided that a stomach tube of small diameter was used. A tube of 
large diameter inhibited stomach contractions. Adrenaline and atropine 
inhibited contractions. Histamine, carbaminoylcholine, and posterior 
pituitary extract had little effect on stomach motor activity. Fasting a 
horse 12 to 24 hours caused stomach contractions to stop or to become 
intermittent. The intermittent contractions were not stopped by feed¬ 
ing. Contractions were induced or accelerated by feeding. 

Neimeier studied gastrointestinal movements in young swine by 
means of the roentgen ray. Peristaltic waves began during feeding and 
increased in strength as they traveled toward the pylorus. Not all of the 
waves resulted in the expulsion of ingesta into the duodenum. About an 
hour after feeding the waves usually became less frequent, but there 
presently followed a period of increased stomach activity, which usu¬ 
ally lasted until three hours after feeding. The filled stomach showed a 
gas bubble in the upper part. The middle part contained fluid material, 
and the lower part the more compact shadow-casting medium. 

Nervous Regulation of Stomach Movements. The stomach, so 
far as its muscular activity is concerned, possesses a high degree of 
automaticity. In this respect it is somewhat like the heart. That stomach 
movements are automatic may be shown by cutting all the nerves to the 
stomach or, better, by removing the viscus from the body and placing 
it in a suitable environment such as a moist chamber or a bath of 
Locke’s solution. In cither instance motor activity continues. (The 
excised stomach of the horse does not show good motor activity.) As 
with the heart, so with the stomach, the question of myogenesis and 
neurogenesis of the movements presents itself. Are stomach movements 
the result of automatic stimuli arising within the nerve cells (myenteric 
plexus) of the stomach wall and then passing to the muscle cells, or do 
the muscle cells generate their own stimuli? A positive answer cannot 
be given at present, although a number of considerations make it prob- 
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able that rhythmic muscular activity in general is myogenic (Alvarez, 
1948). The neurons of the plexuses in the wall of the stomach probably 
have two functions: some of them are on the course of the vagus path¬ 
ways to the stomach and others enable local reflexes to take place. 

Notwithstanding the fact that the stomach movements are auto¬ 
matic, the stomach, like the heart, has an extrinsic nerve supply. The 
nerves are the vagi and splanchnics. The vagi are usually stated to be 
the motor nerves and the splanchnics the inhibitors, but recent work 
shows that the distinction between the two is not so sharply defined 
as was formerly thought. Experiments on stimulation of the extrinsic 
nerves of the stomach show that mixed effects can be obtained from 
either the vagus or the sympathetic supply. Probably the tonus condi¬ 
tions prevailing in the musculature at the time of stimulation are fac¬ 
tors determining the different responses. The extrinsic nerves affect not 
only the motor activity of the stomach but also the tonus of the mus¬ 
culature. This is particularly true of the splanchnic nerves. There is 
little evidence of direct antagonism between the vagus and splanchnic 
nerves in their action on the stomach. Such a definite antagonism as 
is seen in cardiac regulation is not found here. In the stomach, as in 
other organs supplied by autonomic nerves, chemical mediators are 
believed to transmit the nerve effects to the responsive cells. 

• 

The normal function of the extrinsic nerves is therefore not to give 
origin to the stomach movements but to regulate them. They contain 
both afferent and efferent fibers, and it is through these anti the central 
nervous system that correlation between the stomach and the rest of 
the organism is effected. Some of the efferent nerve fibers regulate 
stomach movements, as just indicated. In addition there are efferent 
vasomotor anti secretory fibers. The afferent fibers of the stomach 
transmit nerve impulses that give rise to sensations of hunger, satiety, 
pain, and the like. 

The book by Alvarez (1948) contains a good discussion of the 
extrinsic nerves of the digestive tract. 

HUNGER 

That there is a relationship between hunger and certain types of 
stomach contractions has been established by the work of a nl,m J^ r ° 
investigators (Cannon, 1911; Carlson, 1916; Patterson, 1933). 
movements, known as hunger contractions, may be recorded y ] 
balloon-manometer method, or they may be studied by the roen gen 
ray. Hunger contractions of the stomach of the dog are illus rn e ^ 
in Fig. 99. It has been shown that hunger contractions are at 
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peristaltic waves traveling from the cardia to the pylorus. They there¬ 
fore cover considerably more territory than do the ordinary peristaltic 
waves, which occur principally in the pyloric part. Hunger contractions 
may appear before the stomach has completely emptied itself. This is 
particularly true in herbivores. In the horse Schalk and Amadon (1921), 
using the balloon-manometer method, found that hunger manifests 
itself in the form of powerful contractions. These may begin as early as 



Ff c. 99.—-Hunger contractions of the stomach of a clog. The animal had been with¬ 
out food for 30 hours. The outlines at the top arc of a bismuth-coated balloon in 
the stomach—-A, between hunger contractions, and B, at the height of a hunge r 

contraction (From Carlson, The Control of Hunger in Health and Disease The 
University of Chicago Press.) 


ive hours after an ordinary meal, when the stomach still contains a 
good deal of food. Between hunger periods in this animal, there is an 
interval of relative quiescence, varying from 15 minutes to an hour or 
more in different animals (Fig. 100). 

It has been shown that there is a relation between the blood 


sugar 
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level and hunger contractions (Bulatao and Carlson). A decrease of 
blood sugar causes increased contractions, whereas glucose injections 
inhibit the strong tetanic contractions of hypoglycemia. Such a relation 
appears logical: when the blood sugar begins to decrease because of its 
usage in metabolism, there results a call for food via the gastric hunger 
mechanism. The hypoglycemia stimulates vagal centers in the brain 
(Bachrach). That chemical substances in the blood are concerned in 
hunger contractions is further indicated by the observation of Farrell 



• 

Fio. 100.—Hunger contractions of the stomach of a horse, with an intervening 
period of quiescence. Thirty-five minutes elapsed between the end of the upper 
tracing and the beginning of the lower. The nnimal was without food for 
hours. (From Schalk and Amadon, Journal of the American I clcrinary Me u n 

Association, 1921, 59.) 

and Ivy that a transplanted stomach pouch shows contractions during 

hunger contractions of the main stomach. 

So-called hunger contractions are not the sole cause of the sensation 
of hunger. Dogs and people from whom the stomach has been c°rn 
pletely removed show hunger. Probably chemical changes in the ° 
affecting nerve centers directly have something to do with hunge 
Sensations reaching the brain from the small intestine or from 

body at large may be concerned. n 

In studies on dogs with gastric fistulas through which foo as 
as calorically inert bulky materials could be introduced m 
stomach, it was demonstrated that stomach distention is an impor 
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factor in reducing the amount of food eaten. A systemic factor related 
to the nutritional status of the animal was also evident, but the way in 
which it operates was not determined (Share and co-workers). 

Daily electrical stimulation of the lateral hypothalamus is reported 
to cause an impressive increase in the food consumption of cats, in some 
cases as much as 1000 per cent above the control level. Stimulation of 
other regions of the brain did not cause any change in the food intake. 
A slow humoral mechanism was postulated in the development of the 

response, but significant changes in the blood sugar level did not occur 
(Delgado and Anand). 


GASTRIC SENSATION 

The question of gastric sensation resolves itself into the question 
of the extent to which nervous impulses from the stomach reach con¬ 
sciousness. Carlson and co-workers (Carlson, 1916) made an extensive 
study of this problem on normal men and on a man with a gastric 
fistula. It is not possible to say to what extent their conclusions are 
applicable to animals, though it is probable that in a general way they 
apply to all higher species. Among the conclusions reached are the 
following: (1) The only physiological pains from the stomach are 
hunger pangs. All other pains of stomach mucosal origin are patho¬ 
logical. The normal mucosa in a normal subject can be pressed, squeezed 
until crushed, pricked, or cut, without causing pain. (2) Stimulation of 
the normal gastric mucosa does not produce touch sensation. (3) The 
stomach mucous membrane possesses warmth and cold receptors, but 

such receptors arc more abundant, or are more readily stimulated in 
the pharynx and esophagus. 

The mucous membrane of the rumen and reticulum of the cow ap¬ 
pears to be insensitive to touch and gentle pressure. Squeezing the 
reticulum in the hand, pulling on its floor, or pulling on the rumino- 
rcticular fold appears to give rise to sensations. Strongly dilating the 
rcticulo-omasal orifice appears to cause pain. 


<*> uiivoi 


Thirst is a sensation referred to the mucous membrane of the mouth 
and pharynx especially that of the base of the tongue and of the palate 
hen a local anesthetic is applied to these regions, thirst is said to dis- 
appear as long as the anesthetic lasts. Physiological thirst may be 
relieved by water drinking and, according to some, by anything that 
excites a flow of saliva. The latter observation has been internreted 
to mean that the sensation of thirst is due to dehydration of the oral 
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and pharyngeal mucous membranes. Because the salivary glands regu¬ 
late the amount of moisture bathing these regions, Cannon has ad¬ 
vanced the hypothesis that these glands perform the important work 
of regulating the water intake of the body. When the water content 
of the blood falls, water passes into the blood from the various tissues, 
including the salivary glands. Thus salivary secretion is diminished, 
the oral and pharyngeal mucous membranes become dry, and craving 
for water results. In this way the amount of the salivary secretion is 
believed to determine the water intake. 

However, the work of Montgomery does not support the view that 
the salivary glands function in this way. Following the total removal of 
their salivary glands, the water intake of dogs was not increased, and 
the buccal mucous membrane remained in a healthy and moist condi¬ 
tion. Furthermore it was shown that injections of atropine, which 
diminishes salivary secretion, caused no significant change in the water 
intake of normal dogs or dogs whose salivary glands had been removed, 
and that injections of pilocarpine, which increases salivary secretion, 
gave no relief from thirst to dogs that had been deprived of water for 
a time. Other work indicates that the salivary glands arc not the 
primary regulators of water intake. 

Adolph studied water drinking in dogs with esophageal fistulas and 
in normal dogs after they had been deprived of water. In both con¬ 
ditions the amount of water ingested was proportional to the deficit of 
water in the body. Actual ingestion of water following deprivation was 
very rapid, the deficit of water in the body being restored in a very 
short time. 

The work of Bellows indicates that there are at least two factors 
in the alleviation of thirst. One of these operates from the mouth and 
pharynx, as indicated by the fact that sham-drinking gives temporary 
relief from thirst. It is suggested that repetitive muscular movement is 
concerned in the satisfaction attained by sham-drinking. The oflier 
factor in the relief of thirst is subpharyngeal in origin. Belief comes 
before absorption can be complete. Distention of parts of the alimentary 
tract might in some way inhibit thirst. Following absorption of water, 
a more permanent satiation occurs. Other work indicates that mechani¬ 
cal distention of the stomach is a factor in the inhibition of drinking. 
The afferent pathways for this inhibition are in the vagi (Towbin). 

Bellows and Van Wagenen abolished by nerve transections t ie 
sense of taste, smell, or the sensations mediated by the trigemina 
nerves in dogs and found that water drinking was normal in nmoun • 

The signal for water drinking in ordinary life seems to be a de ici 
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of water in the body relative to other constituents. When the water 
deficit amounts to about 0.5 per cent of the body weight, water is 
drunk. The amount consumed is proportional to the deficit in the body 
at the time of drinking. Ingestion ceases before absorption has had time 
to occur (Robinson and Adolph). 

The intravenous injection of hypertonic salt solution (for example, 
2.5 ml. per kilogram of a 20 per cent solution of sodium chloride) will 
produce thirst followed by prompt water intake. Among different dogs 
there are large variations in the time and duration of the drinking and 
the amount cf water consumed when comparable amounts of salt are 



l ie. 101.—Records of water drinking by two normal dogs. A 12-hour period is 
covered by one excursion across the record. Note that most of the water drunk 
is taken within a few hours after feeding, regardless of when the food is given 

1 he numbers at the left of the records are in milliliters. (From Gregersen American 
Journal of Physiology, 1932, 102.) 


injected. However, in the same dog in repeated tests from day to day, 
the response is remarkably uniform and the intake varies directly with 
the amount of salt injected. The amount of water consumed does not 
appear to be related to the amount required to dilute the salt to iso¬ 
tonicity; some dogs drink too much and some too little. Denervation of 
the stomach does not change the drinking response to salt. Other elec¬ 
trolytes (sodium sulfate and sodium acetate) and some nonelectrolytes 
(sorbitol and sucrose but not glucose) give responses similar to those 
produced by sodium chloride (Holmes and Gregersen). 

Continuous records of water intake in normal dogs have been made 
by Gregersen (Fig. 101). It was found that most of the water Ingested 
during a 24-hour period is taken within 2 to 5 hours after feeding, 
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irrespective of the time of eating. Fasting greatly reduces the 24-hour 
intake of water. 


VOMITING 

Vomiting is the spasmodic ejection of the contents of the stomach 
through the esophagus and mouth. The act is not common to all species 
of animals. Herbivorous animals and rodents seldom or never vomit, 
whereas carnivores and omnivores (except those that are rodents) 
vomit readily. Various views have been advanced to explain why 
certain animals do not vomit. The uncommonness of vomiting in the 
horse has been attributed to such supposed hindrances as the distance 
of the stomach from the abdominal wall, the tightly closed cardia, and 
the constricted terminal part of the esophagus. But these factors are 
not present in all nonvomiting animals. Hence it has been held that 
the absence or rudimentary development of a vomiting center is the 
essential cause of the inability of many animals to vomit. Hatcher and 
Weiss, on the contrary, believe that the lack or poor development of a 
vomiting center is the effect, rather than the cause, of the absence of 
vomiting. The original significance of vomiting was probably to assist 
animals in combating poisons taken in with the food, and Hatcher and 
Weiss advanced the theory that rats and possibly other nonvomiting 
animals owe their inability to vomit to the development of more 
effective means of combating poisoning, for example, selective absorp¬ 
tion. Nausea, which is experienced also by animals that do not vomit, 
would stop the ingestion of poisonous food, and selective absorption 
would delay or prohibit its entry into the blood. Hence vomiting 
would not occur. This condition repeated in many successive genera¬ 
tions might lead eventually to inability to vomit because of loss of 
sensitiveness of the nervous mechanisms controlling vomiting. 

The Vomiting Act. The mechanism of vomiting has been compre¬ 
hensively reviewed by Hatcher. His description of the typical act in the 
dog is the basis for many of the following statements. As a result of the 
reception of afferent nervous impulses, the vomiting center discharges 
efferent emetic impulses to the muscles concerned in vomiting. The 
pylorus and the pyloric part of the stomach contract firmly and the 
antrum pylori moderately. The fundus relaxes and the contents of the 
stomach are forced into this part. Antiperistalsis of the stomach may be 
present; however, it is of little consequence in vomiting. Salivary secre¬ 
tion is increased, respirations become deep and rapid, nausea is in¬ 
creased, chewing and swallowing movements are made. The materia 
swallowed is saliva, usually mixed with air. The cardia opens an 
retching begins, this being described by Gold and Hatcher as consisting 
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of a series of spasmodic, abortive respiratory movements with a closed 
glottis. The inspiratory phase of the movements consists of contraction 
of the thoracic muscles and the diaphragm together with expiratory 
spasmodic contraction of the abdominal muscles. The glottis remains 
closed until expulsion of the vomitus ceases. The first few retching 
movements drive some of the gastric contents into the esophagus. Near 
the last movement the cardia closes, the diaphragm relaxes, and a 
forceful contraction of the abdominal muscles drives the stomach 
against the diaphragm. The positive pressure so induced in the thorax 
and esophagus, aided by an active contraction of the muscular wall of 
the esophagus, drives some of its contents out through the mouth. The 
remainder of the vomitus passes back into the stomach. The whole 
chain of events may be repeated or quiescence may result. 

The stomach is not essential to vomiting. This is indicated by the 
fact that completely gastrectomized dogs may vomit. 

In the horse, as previously stated, vomiting is rare. When it does 
occur, the ingesta, owing to the long soft palate, usually rush out 
through the nostrils. Vomiting in this animal is sometimes found to be 
associated with a ruptured stomach. 

Nervous Mechanism. Vomiting is a reflex act. A vomiting center 
has been located experimentally in the medulla oblongata in the 
sensory nucleus of the vagus (Hatcher and Weiss). This center exerts 
a correlating influence over the motor nuclei that normally control the 
muscles involved in vomiting. The efferent pathways to the numerous 
muscles—some striated, some nonstriated—are contained in the vagi 
and the spinal cord. Afferent fibers are present in a number of nerves 
and have receptors in diverse parts of the body. From such organs as 
the pharynx, stomach, duodenum, heart, uterus, kidney, bladder, brain, 
and semicircular canals, afferent impulses may pass to the vomiting 
center, stimulating it to action. It is well known that certain psychic 
states may cause nausea and vomiting. 

Recent work (Wang and Borison) appears to place the vomiting 
center in the dorsolateral portion of the reticular formation of the 
medulla oblongata. 

An emetic is a drug that causes vomiting. Some emetics, as apo- 
morphine and morphine, act centrally; others act peripherally on re¬ 
ceptors in the gastric mucosa; some others have both central and 
peripheral effects. Copper sulfate is in the last category. Its peripheral 
effect is mediated by afferent fibers in the vagus and splanchnic nerves. 
The central action is believed to be on an “emetic chcmoreceptor trig¬ 
ger zone” situated dorsal to the vomiting center (Wang and Borison). 



Chapter XIV 


DIGESTION IN THE RUMINANT STOMACH 


I N herbivorous animals it is essential that the alimentary canal 
have somewhere in its course a roomy compartment where the 
bulky, fibrous food can be delayed in its passage through the canal 
and undergo soaking and fermentation. This requirement in animals 
with simple stomachs is fulfilled in the cecum and colon; in ruminants, 
chiefly in the complex stomach, especially the great chamber desig¬ 
nated the rumen, and to a lesser extent in the cecum and colon. Several 
lines of evidence indicate that the arrangement in the ruminant for the 
digestion of cellulose and other refractory components of the diet is 
superior to that in nonruminant herbivores. Synthesis in the alimentary 
canal is also better developed in ruminants. These advantages are due 
mainly to the great size of the rumen. 

ANATOMY OF THE RUMINANT STOMACH 

The ruminant stomach, characterized anatomically by its great 
size and its division into several distinct compartments, appears to be 
an evolutionary modification of the simple stomach. Its capacity 
varies greatly with the age and size of the animal. According to Sisson 
(1914a), the capacity in cattle of medium size is 30 to 40 gallons, in 
large animals 40 to 60 gallons, in small animals 25 to 35 gallons. 

The ruminant stomach is compound and consists of four compart¬ 
ments or divisions, designated as rumen, reticulum, omasum, and abo¬ 
masum (Fig. 102). By some, each compartment is regarded ns a sepa¬ 
rate tomach and s designated numerically, the rumen being known 
as the first stomach, the reticulum the second, and so forth. It is 
incorrect, however, to regard the ruminant as having more than one 
stomach. Again, because their mucous membranes are nonglandular 
and the epithelium is of the stratified squamous type, the rumen, 
reticulum, and omasum are sometimes regarded ns esophageal dilata¬ 
tions. Embryological studies by Lewis and others show that such a view 
is erroneous. These compartments develop from the embryonic stomach 
and not from the esophagus. The rumen, reticulum, and omasum may 
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represent regions that lost their gastric glands while undergoing 
extensive phylogenetic modifications in size and form caused by the 
coarse, bulky character of the food (Bensley). The relative size of the 
four compartments varies with the age of the animal. In the newborn 
calf the first three compartments are small. They develop as the animal 
grows and passes from a milk diet to one containing grain and rough- 



Fig. 102.—Stomach of the ox (right view). (From Sisson, Anatomy; copyright— 

W. B. Saunders Company.) 


age. According to Sisson (1914a), in the newborn calf the rumen and 
reticulum together are about one-half as large as the abomasum. In 
10 to 12 weeks the abomasum is about one-half as large as the rumen 
and reticulum combined. During this time the omasum seems to be 
contracted and functionless. At four months of age the rumen and 
reticulum together are about four times as large as the omasum and 
abomasum together. At the age of about a year and a half, the four 
compartments have reached their permanent relati ;e sizes, the i„men 
accounting for about 80 per cent of the stomach capacity, the reticulum 

5 per cent, the omasum 7 to 8 per cent, and the abomasum 8 to 7 per 
cent. 

The rumen presents dorsal and ventral sacs, which freely com¬ 
municate with each other through a large opening surrounded by mus¬ 
cular pillars. The anterior and posterior pillars are especially well 
developed and powerful. There is also a pair each of longitudinal, dorsal 
coronary, and ventral coronary pillars. The rumen communicates 
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freely with the reticulum over the ruminoreticular fold. From the cardia 
to the reticulo-omasal orifice extends the peculiar esophageal or reticu¬ 
lar groove. In the ox it is 7 or 8 inches in length. The mucous mem¬ 
brane of the rumen is nonglandular and in most situations is covered 
with papillae, which are especially well developed in the ventral sac. 

The reticulum lies against the diaphragm and liver. It is small and 
somewhat flask-shaped. It communicates with the rumen over the 
ruminoreticular fold and with the omasum through the comparatively 
small reticulo-omasal orifice. Its base is below the inlet and the outlet. 
The mucous membrane is nonglandular and is thrown into folds, so 
that it resembles a honeycomb. 

The omasum is somewhat globe-shaped. It communicates with the 
reticulum through the reticulo-omasal orifice and with the abomasum 
through the large omaso-abomasal orifice. The sulcus omasi is a groove 
extending mainly downward from the inlet to the outlet. Newer ana¬ 
tomical studies on the ox (Sisson, 1923a) show that the direction of 
the sulcus is much more nearly vertical than was formerly believed. 
The interior of the omasum presents numerous folds or laminae. They 
are attached to the wall of the organ except in the region of the sulcus. 
As regards length, the folds can be grouped into about five orders. The 
longest folds extend almost across the organ; the smallest are mere 
ridges; the others are of intervening lengths. The leaves have some mus¬ 
cular tissue in their structure and are studded with numerous papillae 
covered with cornified epithelium. Certain ruminants (Tragulidae and 
Moschidae) have no omasum; that of the sheep and goat is not well 
developed. 

The abomasum is the glandular compartment of the ruminant 
stomach. It communicates with the omasum and, through the pylorus, 
with the duodenum. It is divided by a constriction into two portions, 
the fundic and pyloric regions. Fundic and pyloric glands, respectively, 
arc found in these parts. The mucous membrane of the former region is 
thrown into about 12 large spiral folds. The mucous membrane of the 
pyloric region is similar in appearance to that of the pyloric region of 
other animals. 

Mucous glands occurring at the omaso-abomasal junction in the 
goat have been described by Hill. They are considered to be cardiac 
glands, and the area of the mucous membrane that they occupy is 
termed the cardiac region. 

MECHANICAL FACTORS 

Many aspects of the physiology of the ruminant stomach, particu¬ 
larly the mechanical factors, can be studied by means of a fistula o 
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the rumen through the left flank (Fig. 103). Numerous investigators 
have used this method. In small ruminants the roentgen ray has been 
utilized effectively (Czepa and Stigler; Magee, 1932; Phillipson, 1939; 
Watson and Jarrett). The open-abdomen, saline-bath method has been 
applied successfully to sheep (Dukes and Sampson, 1937). A method 



Fio. 103.—“Bill,” a Jersey steer with a large rumen fistula. The animal was born 
in May, 1942; the fistula was made in March, 1943; and following a leg injury the 
steer was euthanized in January, 1955. This photograph was taken in June, 1954. 
When not in use, the fistula was kept closed with a pneumatic plug. A brief report 
on the history of this animal has been made by Nangeroni. 

of recording rumen motility in the intact animal has been described 
by Dougherty and Crumb. 

Rumen and Reticulum. It is agreed by most observers that any¬ 
thing swallowed in a normal manner, in the mature ruminant, goes to 
the anterior dorsal sac of the rumen. Some of the heavier food soon 
finds its way into the reticulum. The lighter ingesta, together with much 
of the heavier, collect in the rumen, gradually filling it but not to the 
top. Usually there is a collection of gas above the food mass. 

The physical character of the swallowed bolus and of the rumen 
contents have been studied in the cow by means of the fistula method 
(Schalk and Amadon). The form, weight, and consistency of the bolus 
vary a good deal, depending upon the kind of food consumed. Roughage 
gives rise to a firm, oval bolus; cured hay boluses, because of their low 
moisture content, float in water. After hay boluses have been in the 
rumen awhile, they lose their identity, and the material of which they 
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arc composed becomes heavier and softer because of the prolonged 
maceration that it undergoes. Boluses of most concentrates are heavier 
than those of roughages. The average weight of whole-oat boluses is 
140 gin.; ground-food boluses, 101 gm.; whole-corn boluses, 81 gm.; hay 
boluses, 85 gm. The average weight of boluses of the four kinds of foods 
is 101 gm. 

In full-fed cattle there may be little or no free liquid in the rumen. 
In fasted animals, on the other hand, much free liquid is present 
(Nevens). This is found principally in the ventral sac, the moist ingesta 
of the dorsal sac floating on this liquid. Ross has emphasized that in 
nonfasted sheep the ruminal contents are nearly always solid or semi¬ 
solid in consistency, in sheep fasted for 24 hours the ruminal contents 
are of a semifluid or fluid nature, and in animals fasted 40 to 48 hours 
of a watery consistency. 

The rumen requires a large amount of water for its normal func¬ 
tioning. This explains in part the enormous salivary secretion of 
ruminants and indicates that these animals should have water ad 
libitum. 

The reticulum may be regarded as an anterior continuation of the 
rumen, with which it freely communicates over the ruminoreticular 
fold. The reticular content is made up of liquids and suspended solids. 
The more solid ingesta of the rumen are kept from entering and choking 
up the reticulum by the ruminoreticular fold, which acts as a dam 
between the two organs. 

At fairly regular intervals throughout the day portions of the 
ruminal and reticular contents are returned to the mouth for remastica¬ 
tion and reinsalivation. During their sojourn in the rumen the ingesta 
are subjected to energetic mixing, kneading, and churning because of 
rumen and reticular motility. 

Movements. The movements of the rumen and reticulum are very 
closely associated. The normal sequence of their motility in the non¬ 
ruminating ox is about as follows (Schalk and Amadou, 1928): 

The reticulum undergoes a sharp contraction followed almost im¬ 
mediately by another similar contraction. As a result, liquid material 

£ ® 

is thrown into the rumen. Before the second reticular contraction is 
complete, however, the anterior pillar of the rumen begins to contract, 
forming a barrier to the second reticular outflow. Material forced out 
by this second contraction is therefore largely retained in the anterior 
dorsal sac of the rumen. The wave of rumen contraction, begun at the 
anterior pillar, proceeds backward involving practically simultaneously 
the longitudinal pillars, the posterior pillar, the dorsal coronary pillars, 
and the intervening rumen wall. As these structures relax, the ven ra 
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coronary pillars and the musculature of the ventral sac go into con¬ 
traction. This forces ingesta forward and upward into the anterior 
dorsal region of the rumen. Following the primary wave of contraction 
there is a secondary wave, which involves the rumen only. It begins 
with a contraction of the anterior pillar and then proceeds backward 
after the manner of the primary wave. There is some evidence for 
another type of rumen contraction, associated with eructation (p. 383). 

Schwarte studied rumen contractions by palpation in a large number 
of cows under conditions of eating, rumination, and rest (noneating 
and nonrumination) and obtained average frequencies as follows: 

Rumen Contractions 

Eating 2.8 per min. ICS per hr. 

Ruminating 2.3 per min. 138 per hr. 

Resting 1.8 per min. 108 per hr. 

Balch recorded reticular contractions from cows with rumen fistulas. 
The following average rates were obtained when the animals were on a 

diet of unground hay (in the counts, double and triple contractions 
were counted as one): 

Reticular 
Contractions/hr. 


Euting SI .6 

Standing resting 69.6 

Lying resting 65.1 

Standing ruminating 66.3 

Lying ruminating 56.1 


Grinding the hay in the diet did not cause a significant change in 

the frequency of reticular contractions, but the amount of time spent in 

rumination (p. 375) was greatly reduced. Administration of thyroxine 

caused only a small increase in the frequency of contractions of the 
reticulum. 

The higher frequency of rumen contractions as compared with 
reticular is explained by the fact that many of the rumen contractions 
are not preceded by reticular contractions. The frequency of reticular 
contractions during resting is greater than during ruminating, whereas 
with rumen contractions the reverse appears to be true. Perhaps during 
rumination there are additional rumen contractions not preceded by 
reticular contractions. Further information is needed on this point. 

The movements of the reticulum and rumen, especially of the latter 
arc thus seen to be very complex. They cause many variations of pres- 
sur^ both positive and negative, and perpetual rotation of the ingesta. 

The pumplike action of the reticulum causes a flow of liquid into 
and out of the rumen, the significance of the flow being: (1) To direct 
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ingesta into the rumen. If the newly arrived bolus is composed of light¬ 
weight material, such as cured hay, it is carried on the crest of a 
reticular outflow into the rumen. There is less tendency for the heavier 
ingesta to be carried into the posterior part of the rumen when the 
rumen is not well filled; consequently when the reticulum relaxes, some 
of this material may be drawn at once into its cavity. (2) To regulate 
the passage of ingesta from the rumen to the omasum or abomasum. 
Ruminated material, because of its high moisture content and specific 
gravity, soon finds its way into the reticulum. Ingesta entering this 
organ following rumination soon pass into the omasum or abomasum. 
(3) To supply moisture to the rumen contents. (4) To assist in re¬ 
gurgitation. To accomplish this another reticular contraction, occurring 
just prior to regurgitation and preceding the regular pair of contrac¬ 
tions, is introduced. Part of the regurgitated material is derived from 
the reticulum and part from the rumen. 

Sounds. During contraction the rumen produces sounds which are 
readily heard by auscultation over a wide area. Reticular contraction 
also produces sounds, but they are not always readily heard. Ausculta¬ 
tion over several regions will usually reveal them, but they are best 
heard ventrally over the seventh rib, on the left side. They are de¬ 
scribed as chafing sounds (Lagerlof). 

Reticuloruminal Motility in Sheep. This has been studied by 
Phillipson (1939) by means of rumen fistulas and the roentgen ray. 
The cycle of reticuloruminal motility usually occurs at intervals of 
50 to 70 seconds. Reticular contraction occurs in two stages, usually 
followed by two or four contractions of the rumen. Variations were 
noted both in the contractions of the reticulum and of the rumen. 

Quin and co-workers have made studies on rumen motility in sheep 
by means of the rumen fistula. They noted that the rumen movements 
may vary considerably from any pattern temporarily established. The 
degree of relaxation of the rumen between contractions is indicated by 
the considerable negativity of intraruminal pressure (—5 to —15 mm. 
H 2 0) that may develop. When contraction is at its height, the average 
intraruminal pressure is 70 mm. H z O. Feeding accelerates the move¬ 
ments. A fast as long as three or four days usually causes no definite 
change in the rate of rumen contraction, although the waves may be¬ 
come smaller. After a fast of three or four days all movements may 
disappear. The sight of water and actual drinking were without sig¬ 
nificant effect on rumen motility. 

Although reticuloruminal motility in the sheep is subject to greater 
normal variability than in the cow, the sequence of events is essential y 
the same in all ruminants (cow, sheep, goat). 
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Rumen Motility and the Blood Sugar Level. A relationship between 
rumen motility and the blood sugar level has been demonstrated (Le 
Bars, Nitescu, and Simonnet; Vallenas). An increase in the blood sugar 
level, hyperglycemia, induced by glucose injection inhibits rumen 
motility. Hypoglycemia induced by injection of insulin stimulates 
rumen contractions. A short period of inhibition of contractions pre¬ 
cedes the stimulation. The induced hypermotility can be inhibited by 
injection of glucose solution. 

Action of the Reticulo-omasal Orifice. This has recently been 
studied in cows in an effort to throw light on the transport of ingesta 


Fia. 104.—Pressure 
changes in the re¬ 
ticulum, reticulo- 
omasal orifice, and 
omasum of two 
resting cows: d, 
double contraction 
of reticulum ; f, fall 
of pressure in the 
reticulo-omasal or¬ 
ifice and omasum; 
c, strong contrac¬ 
tion of the reticulo- 
omasal orifice. Pas¬ 
sage of ingesta out 
of the first two 
compartments is 
believed to coin¬ 
cide with the last 
reticular contrac¬ 
tion, at which time 
the reticulo-omasal 
orifice is open and 
the pressure in the 
omasum is low. 
Further discussion 
in text. (From 
Balch, Kelly, and 
Heim, British Jour¬ 
nal of Nutrition, 
1951, 5.) 



Time (min.) 



Time (min.) 


from the reticulum and rumen to the other compartments (Balch, 
Kelly, and Heim). Balloons connected to tambours were placed in the 
reticulum, the reticulo-omasal orifice, the neck of the omasum, the 
abomasum, and held by hand near the anterior pillar of the rumen. 
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Tracings were made so that movements at the reticulo-omasal orifice 
could be correlated with contractions in the other locations. Detailed 
studies were made with balloons in the first three places: reticulum, 
reticulo-omasal orifice, and neck of the omasum (Fig. 104). The 
reticulo-omasal orifice behaved in a remarkably uniform manner ir¬ 
respective of whether the cows were resting, eating, ruminating, lying, 
drinking, or being milked. During most (60 to 70 per cent) of the cycle 
of reticuloruminal motility the orifice was loosely open. During the 
first reticular contraction the orifice was closed. During the second 
reticular contraction there was a sharp drop in pressure in the orifice, 
indicating that it was open. Following this drop there was a powerful 
contraction (closure) of the orifice. At the time of the last reticular 


contraction and the accompanying fall in pressure in the orifice there 
was a drop in pressure in the neck of the omasum. Then there followed 
a rise of omasal pressure coinciding with closure of the orifice. It was 
postulated that the flow of ingesta out of the first two compartments 
coincides with the last reticular contraction, at which time the orifice 
is open and the pressure in the omasum is low. A pressure gradient of 
perhaps 10 mm. Hg between the reticulum and abomasum was esti¬ 
mated to exist at the time of the last reticular contraction. The high 
omasal pressure during closure of the reticulo-omasal orifice probably 
coincides with the flow of ingesta into the abomasum. It was estimated 
that about 80 ml. of water flow through the reticulo-omasal orifice at 
every reticular contraction (last contraction of the reticular doublets 
or triplets), or about 115 liters in 24 hours. 

Esophageal Groove and the Course of Liquids. The esophageal 
groove, known also as the reticular groove, begins at the cardia and 
extends to the reticulo-omasal orifice. For a long time it was supposed, 
largely on the basis of anatomical studies, that the esophageal groove 
functioned to convey liquid and semiliquid ingesta from the cardia 
directly to the reticulo-omasal orifice without their having to traverse 
the rumen and reticulum. Such a view of the function of the groove 


in the mature animal apparently cannot be held at the present time. 
Direct examination of the groove in mature cattle with rumen fistulas 
shows that little or no food material traverses the groove (Schalk and 
Amadon, 1928; Dukes). About the only thing that can be detected is 
the passage of mucus, doubtless derived in part from the saliva that 
runs down the esophagus without exciting an actual deglutition, an 


in part from the secretion of the esophageal glands. 

Course of Liquids in Young Ruminants. In young ruminants t e 
esophageal groove may function, by reflex closure, as a conduit or 
milk or water on its way from the esophagus to the reticulo-omasa 
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orifice. The reflex by which the groove is closed lias been thought to 
diminish in sharpness or to disappear as the animal matures. Behavior 
patterns, psychological factors, and conditioned responses probably are 
important in the reflex closure of the esophageal groove. The age of 
the animal may be a secondary factor, but the shift from the “sucking 
pattern” of behavior to the “thirst pattern” is believed to be of sig¬ 
nificance. The reflex is evoked as a part of the sucking pattern of be¬ 
havior but not as a part of the thirst pattern (Watson). After weaning 
the only liquid normally consumed by the ruminant is water to quench 
thirst, and the drinking of water does not evoke the reflex. 

By observations made at autopsy and through rumen fistulas Wise 
and Anderson studied the course of liquids drunk by calves from pails 
and through nipples. The ages of the calves ranged from a few days 
to nearly six months. Great variations in the responses of the calves 
were noted. When milk was drunk from an open pail, small amounts 
often entered the rumen. When milk was taken through a nipple, it 
never entered the rumen in significant amounts. Water drunk from a 
pail entered the rumen in large amounts. Water sucked through a 
nipple occasionally entered the rumen in small amounts. The position 
of the head and neck of the calf while consuming milk was of no sig¬ 
nificance in determining the course of the milk through the stomach 
(Wise, Anderson, and Miller). 

Effect of Various Chemicals on the Reflex Closure of the Esophageal 
Groove. In young healthy cattle up to two years old the reflex can be 
evoked, according to Wester, by the administration of various chemi¬ 
cal substances in solution, including sodium salts, especially sodium 
chloride and sodium bicarbonate, and sugar. This investigator there¬ 
fore recommended the giving of groove-closing substances prior to the 
administration of drugs not intended for the rumen or reticulum but 
for the abomasum. Wester’s work was done on cattle. In South Africa, 
Monnig and Quin have studied the possibility of dosing into the abo¬ 
masum of sheep, using Wester’s work as the basis of their experiments. 
When solutions of sodium salts were administered in an effort to pro¬ 
duce reflex closure of the groove, the results were of such a nature that 
practically no conclusions could be drawn. However, when a solution 
of copper sulfate was used, reflex closure of the groove was obtained so 
that drugs subsequently given passed into the abomasum. The reflex 
was evoked immediately after the stimulant came in contact with the 
pharyngeal mucous membrane, and the groove remained closed for 15 
seconds or longer. Probably the mucous membrane of the pharynx 
contams receptors for initiating the reflex. In Australia, Ross, working 
with sheep, confirmed the groove-closing properties of copper sulfate! 
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The researches of Quin and van der Wath suggest considerable indi¬ 
vidual variations in the response of the esophageal groove of sheep to 
the administration of copper sulfate. Watson and Jarrett made an ex¬ 
tensive study of the effects of copper salts, especially copper sulfate, 
on the course taken by liquids entering the stomach of the sheep. The 
copper salt was given in solution and the liquid administered afterward 
was a water—barium-sulfate suspension. The course of the suspension 
was followed by means of the roentgen ray. In most animals the sus¬ 
pension passed to the abomasum when given shortly after the dose of 
copper sulfate, but in some animals irregular results were obtained. 
The reflex response of the esophageal groove usually occurred within 
8 seconds after the copper sulfate was given. The response usually 
lasted more than a minute, and in some cases it persisted for more than 
11 minutes. The evidence indicated that the receptors are located in 
the mucous membrane of the mouth, pharynx, and possibly the upper 
part of the esophagus. The cupric ions were thought to be the stimuli. 
Ten cubic centimeters of 0.40 M copper sulfate administered into the 
mouth gave a satisfactory reflex response. Other copper salts were tried 
and the responses obtained were similar to those obtained with copper 
sulfate. 

Copper sulfate has little effect on the esophageal groove of the 
calf, but sodium salts, especially sodium bicarbonate (60 ml. of a 10 
per cent solution), stimulate closure of the groove (Riek). 

Analysis of the Reflex. An analysis of the esophageal groove reflex 
in young ruminants has recently been made (Comline and Titchen). 
Decerebrate preparations of young calves and young lambs were used. 
Detailed studies were made on the calves. The esophageal groove was 
exposed, and its movements were observed and graphically recorded. 
The reflex nature of the groove response was clearly shown. The 
anterior laryngeal nerve was the only afferent nerve which, when 
stimulated, regularly caused reflex contraction of the groove. Water 
introduced into the posterior part of the mouth was an effective stimu¬ 
lus for the reflex. The efferent fibers of the reflex are present almost 
entirely in the dorsal abdominal vagus nerve. The reflex could be 
inhibited by stimulation of several nerves. The plane of transection o 
the brain-stem in the making of the decerebrate preparations exten c 
from the anterior colliculi through to the mammillary bodies. At t is 
level both decerebrate rigidity and limb movements were avoided. e 
level at which the reflex is integrated is therefore caudal to this p ane. 

In lambs bilateral vagotomy abolishes the reflex, and a banum 
suspension, formerly passed during suckling into the abomasum, 
goes to the reticulum and rumen (Duncan). 
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Omasum. By means of the roentgen ray Czepa and Stigler made a 
careful study of the movements of the stomach of the goat. They were 
unable by this means (confirmed by Magee, 1932) to detect any omasal 
contraction. However, examination of the omasum in tlie recently 
killed animal showed its contraction to be peristaltic in type. Phil- 
lipson (1939) comments on the difficulty in studying the omasum 
radiographically. In open-abdomen, saline-bath experiments in sheep 
the omasum does not show spontaneous contractions. According to 
Wester, the parts of the omasum contract in the following order: the 
neck, the vestibule, the body. As a result of contraction of the omasum 
its contents are subjected to considerable pressure, and some of them 
are passed on into the abomasum. 

Schalk and Amadou (1928) studied omasal contractions of the 
cow by inserting a balloon into the organ through a rumen fistula and 
the reticulo-omasal orifice. The contractions were found to be slow, 
sluggish, and often superimposed on strong tonus waves. 

Omasal motility in the cow has been found to vary considerably 
from one subject to another. Tht omasum shows changes of basal 
tonus, on which other contractions are superimposed. Some of these 
contractions are related to reticular motility, whereas others apparently 
are not (Brunaud and Dussardier). 

For the possible relation of omasal contractions to the transport 
of ingesta from the reticulum and rumen, see p. 360. 

Semiliquid material from the reticulum enters the omasum by the 
reticulo-omasal orifice. The more fluid portions probably pass directly 
into the abomasum via the sulcus omasi, which runs nearly vertically. 
The solids are largely held back, being caught between the numerous 
papillated leaves. A good deal of the moisture mixed with the solid 
material is then probably squeezed out by repeated omasal contrac¬ 
tions. Some of the liquid so released probably undergoes absorption 
in the omasum. Part of it doubtless passes on into the abomasum. 

An alternate hypothesis (Balch, Kelly, and Heim) is that liquid 
is the material that is forced into the spaces between the omasal leaves, 
only such solids entering between the laminae as are carried with the 
liquid. This seems unlikely in view of the considerable amount of 
solid material found between the leaves on autopsy and the evidence 
that trituration in the omasum occurs. It must be said, however, that 
our knowledge of omasal function is very limited. 

There is no doubt that one of the functions of the omasum is to 
grind or triturate food materials entering it (Ewing and Wright; 
Becker; Trautmann and Schmitt). But knowledge of the extent of 
the grinding is uncertain, and the mechanism by which it is accom- 
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plished is largely unknown. It was once believed that ingesta entering 
the spaces between the ouiasal laminae were triturated by simultaneous 
conti action and relaxation ot adjacent leaves. There is no direct evi- 
dence to support this view. \\ ester, in extensive studies of the rumi¬ 
nant stomach, found no lacts to substantiate it. By palpation of the 
leaves through the reticulo-omasal orifice, Dukes found no evidence 
of their contraction. Histological studies of the omasal laminae by 
i avilli did not suggest that they arc important comminuting devices. 
It seems probable that omasal grinding, to the extent that it occurs, 
is effected less by specific motility of the laminae than by general 
contractions of the whole organ. 

that the function of the omasum can be largely dispensed with is 
suggested by the work of Trautmann and Schmitt, who in young goats 
produced both a reticulo-abomasal and a rumino-abomasal stoma, 
thus permitting food to pass from the first two compartments into the 
abomasum without having to traverse the omasum. Such animals grew 
well and remained in good health. At autopsy months later it was found 
that the omasum was much smaller than in normal animals. 

It has been observed in acute experiments in sheep (Dukes and 
Sampson, 1937) that stimulation of the vagus nerve, although causing 
strong contraction of the wall of the omasum, causes no apparent 
tightening of the leaves. This evidence tends to show that the motility 
of the leaves, if they possess any of consequence, is not controlled 
by the nervous factors that govern wall motility. 

Abomasum. In open-abdomen, saline-bath experiments in sheep 
the abomasum shows good motor activity (Dukes and Sampson, 1937). 
The contractions resemble those seen in the simple stomach. The 
fundus is usually quiet. The body shows numerous contractions and 
relaxations. (These are apparently missed in radiological studies of 
abomasal motility.) The pyloric part shows peristaltic waves. At times 
several may be traveling simultaneously. They pass right up to the 
pylorus, that is, they do not give way to systoles and diastoles of the 
pyloric part. 

Abomasal motor activity in the goat is influenced by the contents 
of the duodenum (Singleton). It can be inhibited by the introduction 
of a number of substances into the duodenum, for example, weak HC1 
or fat emulsion. Abomasal motility can be increased by the introduc¬ 
tion of hypertonic saline (2 per cent) into the duodenum and by 
duodenal drainage through an open duodenal cannula. Isotonic saline 
was without effect. It is not known whether the effect from the 
duodenum is nervous or humoral. 

Rate of Passage of Food Residues. The anatomical arrangement 
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and great size of the stomach of ruminants, with resulting mixing and 
shifting of ingesta, make measurements of the rate of passage of 
residues through the digestive tract by ordinary methods (markers 
ingested loosely mixed with the food) unreliable. The indicators are 
likely to pass at a different rate than the food with which they were 
fed. 

Ewing and Wright tried to solve the problem by using a method 



Time after stained meal (hr.) 


I*io. 105.—Excretion curves for undigested particles of stained ground liny fed 
(1) with hay only (solid curves); (2) with hay in a mixed diet (dotted curves); 
and (3) with mangolds (beets) in a mixed diet (broken curves). The time elapsing 
between feeding and the first appearance of the stained residue in the feces is 
an index of the rate of passage of ingesta through omasum, abomasum, and in¬ 
testine. r l he time elapsing between the first appearance of the marker in the 
feces and its complete elimination from the digestive tract, together with the 
shape of the intervening curve, represents the rate of passage of ingesta through 
the rumen and reticulum. (From Balch, British Journal of Nutrition, 1950, 4.) 
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based upon a digestion trial and a subsequent slaughter test. The 
following average results were obtained with steers: rumen and 
reticulum, 61 hours; omasum, 7.9 hours; abomasum, 2.8 hours. 

Other workers have tried different methods. McAnally and Phillip- 
son state that Usuelli gave stained oats to cattle that were otherwise 
normally fed and determined the time required for the oats to dis¬ 
appear from the rumen. Samples of rumen ingesta were removed 
periodically by stomach tube for examination. In two days 50 per 
cent of the stained oats had disappeared from the rumen. Some oats 
remained in the rumen for 7 days. 

Balch has recently studied the rate of passage of food residues 
through the digestive tract of dairy cows by feeding small amounts 
of the regular diet so stained that the particles passing through the 
digestive tract could be identified in the feces and counted. Hay in 
various forms was the food usually stained. The time elapsing between 
feeding and the first appearance of stained residue in the feces was 
taken to represent the rate of passage of ingesta through the omasum, 
abomasum, and intestine. The time elapsing between the first appear¬ 
ance of the marker and its complete excretion, together with the shape 
of the intervening curve, indicated the rate of passage of the ingesta 
through the rumen and reticulum. Excretion curves were plotted show¬ 
ing the percentage of the total stained residue that was excreted at 
each sampling time. In a typical group of experiments excretion curves 
for hay showed an initial appearance of the indicator in the feces in 
12 to 24 hours after feeding, a low rate of elimination of the first 10 
per cent of the residue, and then a faster excretion, which expelled 
80 per cent of the residue in 70 to 90 hours. Then the excretion curve 
flattened off until excretion was completed 7 to 10 days after feeding- 
Excretion curves for several foods are shown in Fig. 105. 

Accumulation of Foreign Matter in the Ruminant Stomach. 

It is well known that cattle may consume a good deal of foreign matter, 
with their food and that this may be retained in the stomach, some¬ 
times causing serious injury to its wall and to adjacent structures.. Thus 
traumatic gastritis, traumatic pericarditis, or other traumatic in¬ 
flammation can develop. It is therefore of interest to know in whic 
compartments the foreign matter tends to collect, and this question 
has been studies by Nevcns on dairy cows (14 animals). The reticu 
him and the abomasum were found to be the principal places of ® c 
cumulation. The foreign matter in the reticulum was mostly nni 8- 
wire, glass, and sand, whereas that in the abomasum was chiefly srTia 
pebbles and cinders. Only a small amount of foreign matter was re 
covered from the rumen and none from the omasum and intestine. 
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Because the ingesta in the reticulum are liquid, heavy foreign mat¬ 
ter entering this organ will tend to settle out. Because the inlet and 
outlet of the reticulum are well above the fundus, heavy foreign mat¬ 
ter will be expelled from the reticulum with difficulty. The vigorous 
contractions characteristic of the reticulum increase the liability to 
trauma from foreign bodies. 

Induced Traumatic Gastritis. Working through rumen fistulas, 
Dougherty (1939) produced traumatic gastritis in cows by inserting 
foreign bodies (wire) through the wall of the reticulum so that they 
penetrated the peritoneal cavity. Contractions of the rumen decreased 
as early as two hours after the foreign bodies were introduced. Changes 
of diagnostic and prognostic significance in the blood leukocyte picture 
were also observed. 

Nervous Control of the Ruminant Stomach. The major contrac¬ 
tions of the rumen and reticulum are dependent upon the vagi. They 
disappear after total vagotomy and are abolished by atropine, adren¬ 
aline, and surgical anesthesia. Following total vagotomy, propulsion 
of ingesta from the rumen and reticulum into the other two compart¬ 
ments no longer occurs. Total vagotomy also abolishes the rumination, 
eructation, and esophageal groove reflexes (Duncan). 

When the major contractions of the rumen and reticulum are 
lacking, another type of muscular activity in these organs is evident. 
In the rumen pendulumlike contractions, traveling waves, little wave¬ 
lets, and strong tonus have been observed. In the reticulum little wave¬ 
lets and peristaltic activity occur. These movements were observed in 
anesthetized open-abdomen sheep by Dukes and Sampson. Duncan 
draws attention to their presence in the reticulum of the sheep when 
the major diphasic waves are absent and suggests that they represent 
the rhythmic contractions typical of smooth muscle. The large pro¬ 
pulsive movements are dependent upon the vagi. Complete vagotomy 
diminishes but does not abolish propulsive motility of the abomasum 
(Duncan). Good motor activity of the abomasum is seen in the 
anesthetized laparotomized sheep (in which ruminal and reticular 
motility is greatly reduced). 

Stimulation of the peripheral end of a transected cervical vagus 
nerve causes powerful contractions of all four stomach compartments 
(sheep, calf). In calves stimulation of “the vagus nerve resulted in 
closure of the open relaxed esophageal groove and in marked motility 
of the rumen. Relaxing and subsequent opening of the groove followed 
in a few seconds after the cessation of the stimulation” (Wise, Ander¬ 
son, and Miller). 

Reversible blocking, partial or complete, of the cervical vagi by a 
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local anesthetic, by cooling, or by pressure causes reversible partial or 
complete inhibition ol contractions of the reticulum and rumen. 

Transection of the cervical vagi causes at once complete cessation of 
contractions (Iggo). 


The parasympathomimetic drugs (cholinergic nerve stimulants) 
generally increase motor activity of the ruminant stomach. 

Bilateral splanchnotomy causes little effect on stomach emptying 
and motor activity and apparently docs not change the effects of con¬ 
current vagotomy (Duncan). That the sympathetic nerves have some 
action on the ruminant stomach is, however, indicated by the fact that 
adrenaline injections depress or abolish its motility for a time. 

I he central mechanism for the control of reticuloruminal motility 
by the vagus has not been definitely located. The work of C. H. Clark 
appears to place it rostral to the pons, probably in a “subcortical 
area anterior to the pituitary infundibulum.” Decerebrate prepara¬ 
tions did not show any spontaneous motor activity of the reticulum 
and rumen, although they showed respiratory, swallowing, cardiovas¬ 
cular, and decerebrate rigidity reflexes. In the work of Iggo, however, 
the major cycles of reticuloruminal motility were observed in sheep 
decerebrated at the level of the anterior colliculus. This work appears 
to place the “reticuloruminal motor center” caudal to the intcr- 
collicular level. Further work is necessary to resolve the seeming 
difference in the results of these experiments. Possibly the levels of 
transection for the production of the decerebrate preparations were 
not the same. 


In the decorticate sheep reticuloruminal motor activity and rumina¬ 
tion proceed normally (C. H. Clark). The locations of the rcticu- 
loruminal motor center and the rumination center may not he the same. 

Summary. All parts of the ruminant stomach, with the possible 
exception of the omasum, possess some degree of motor automaticity, 
but it is much better developed in the abomasum. Cyclic, major con¬ 
tractions of the rumen, reticulum, anti omasum arc dependent upon 
the vagus nerve. The minor contractions (of the rumen and reticulum) 
are not. The vagus nerve is also motor to the abomasum, but much 
greater automaticity is possessed by this compartment. The sympa¬ 
thetic nerves arc inhibitory to the ruminant stomach, but their action 
is apparently not very important. 

Rumination. Rumination embraces those mechanical factors of di¬ 
gestion whereby food in the stomach is regurgitated, remasticated, re 
insalivated, and rcswallowed. These four phases, with a slight pause 
after reswallowing, make up a cycle of rumination. In its true sense 
rumination is confined to ruminants. These animals consume their 
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food hurriedly and with little mastication; in the capacious rumen the 
food is stored to await rumination. While in the rumen it undergoes 
thorough mixing, maceration, and fermentation. At intervals portions 
are returned to the mouth for remastication and reinsalivation. 

Regurgitation. The food returned to the mouth doubtless comes in 
part from the rumen and in part from the reticulum. The regurgitated 
mass is highly mixed with liquid, tlie material in the region of the 



Fig. 106— Arrangement of apparatus (tambours, bromoforin manometer, kymo¬ 
graph, etc.) and subject for a study of the mechanism ol regurgitation. A purt of 
a tracing made in this way is shown in Fig. 107. (Bergman and Dukes.) 


cardia and in the reticulum being of such consistency that it can readily 
enter the esophagus. The entrance of the ingesta (which for conveni¬ 
ence may be culled the bolus, although there is no definite bolus forma¬ 
tion) into the esophagus is accomplished by an inspiratory effort with 
a closed glottis. This effort causes a sharp drop in intrapulmonic, intra- 
thoraeic, and intraesophageal pressures. The pressure in the rumen 
being higher, the semiliquid food in the region of the cardia is aspirated 
through the cardia, which is now relaxed, into the dilated terminal part 
of the esophagus. The pressure difference causes the flow. Having 
entered the esophagus, the food is carried quickly to the mouth. Re- 
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verse peristalsis probably plays an important part in its upward 
passage, and the momentum of the ingesta as they enter the esophagus 
probably assists. 

This view of the mechanism of regurgitation was investigated and 
confirmed years ago by Toussaint for the ox and sheep and more 
recently by Bergman and Dukes (1926) for the ox (Figs. 106 to 109). 
In the work of Bergman and Dukes negative pressure in the lungs was 
demonstrated (Fig. 107, 7) by connecting the interior of the trachea 



with a bromoform manometer or a tambour 
arranged to write on a kymograph. Owing to 
the thin-walled, capacious esophagus of the 
ruminant, negative pressure in the lungs, and 
hence in the thorax, should readily give rise 
to negative pressure in the thoracic part of 
the esophagus. That such actually is the case 
was demonstrated by direct examination of the 
region of the cardia in the ruminating animal. 
The examination was made by insertion of the 
hand and arm through a rumen fistula in the 

Fia. 107.—Tracings to show the mechanism of re¬ 
gurgitation in rumination. The writing points were 
vertically placed. The cow regurgitated at X- L Move¬ 
ments of air in the nostrils. Note closure of the glottis 
from a to b. 2. Movements of the jaw in mastication. 
Note the pause, cd. 3. Movements of boluses in the 
cervical part of the esophagus: e, the masticated bolus, 
f, the regurgitated bolus; g, h, the swallowed liqui 
pressed out of the regurgitated bolus. 4. Time tracing 
showing 1-second intervals. 5. Movements of the thoracic 
wall. 6. Rectal pressure. Note that it is not elc\ate 
during regurgitation. 7. Pressure changes in the trac ea. 
Note the sharp full coincident with regurgitation. e 
rise of pressure at i is due to the momentum of t ie 
liquid (bromoform) used in the recording manometer 
(p. 374). (Bergman and Dukes.) 


left flank. Negative pressure could be felt at the cardia at the instan 
of regurgitation. 

Direct examination seems to show that the esophageal groo\e P a ^ s 
no part in regurgitation, thus confirming Colin’s conclusion. 0 
years ago showed, by suturing together the lips of the esop a ®*® 
groove, that it is not concerned in regurgitation, for the anima s 
minated successfully afterward. It has been urged that con rac i 
of the rumen wall is concerned in regurgitation by forcing mge 
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into the esophagus. Graphic records and direct observation of the 
activity of the rumen show that this is not the case; the rumen does not 
contract during regurgitation (Fig. 108). Furthermore, the great 
rapidity of regurgitation makes it evident that it is carried out funda¬ 
mentally by skeletal muscle contraction; the contraction of smooth 
muscle is too slow. The share played by the reticulum in regurgitation 
is not fully known. Flourens showed years ago that it probably is not 
essential by an experiment in a sheep in which he cut away the bottom 


Fig. 108.—Tracing from 
a cow to show the con¬ 
dition of intraruminal 
pressure during rumina¬ 
tion: a, regurgitation; 
b, contraction of the 
rumen. The other waves 
are caused by the res¬ 
piratory movements. 
Note that contraction 
of the rumen follows 
regurgitation but does 
not coincide with it. 
1 he time tracing shows 
intervals of 2 seconds. 
(Bergman and Dukes.) 



of the reticulum and sutured the resulting rim to the floor of the 
abdomen. The animal ruminated afterward. Modern work also seems 
to show that the reticulum is not essential in regurgitation, at least 
from the standpoint of its motility. Graphic records show that the 
reticulum contracts just before, but not simultaneously with, regurgita¬ 
tion (Fig. 109). The function of this extra contraction appears to be 
to flood the region of the cardia with liquid and semiliquid ingesta just 
before regurgitation. The entrance of more solid ingesta into the 
esophagus is thereby facilitated. The abdominal muscles have been 
credited with undergoing contraction at the instant of regurgitation, 
thus assisting in the act. However, if an elevation of rectal pressure 
can be regarded as an indication of effective contraction of the ab¬ 
dominal muscles, it may be concluded that such contraction does not 

occur, for observations show that rectal pressure is not elevated at the 
time of regurgitation (Fig. 107, 6). 

It appears, therefore, that in regurgitation the entrance of food 
into the esophagus is brought about by intraesophageal negative pres¬ 
sure due to an inspiratory effort with a closed glottis, the esophageal 
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•'move, ninu*n. abdominal 
part in t In' process. 


muscles. 


and reticulum playing no direct 


Roentgen-ray studies on ruminating animals offer support to sev- 



Fig. 109.—Tracings from a calf lo 


oral phases of the theory of re¬ 
gurgitation expressed above. 

Unilateral pneumothorax (goat) 
is reported to prevent regurgitation, 
although repeated attempts arc 
made to accomplish the act. Rumi¬ 
nants with an opening into the 
trachea regurgitate with difficulty 
(Krzywanek). 

The rate of passage of the bolus 
up the esophagus is about 1.4 meters 
per second. 

Nature of the Regurgitated 
liolus. The water content of the 
bolus as it passes into the esophagus 
is great, and this must be so, other¬ 
wise the entrance of the bolus into 
the esophagus would lie difficult or 
impossible. The pressure gradient 
would be incffcctive. The studies of 
Sehalk and Amadou on the nature 
of the regurgitated bolus in cattle 
indicate that it is composed mainly 
of roughage. Grains form a part of 

the bolus onlv to the limited extent. 

% r 

that they are caught in the spaces 
of the roughage. It has been shown 
(Sehalk and Amadon, 1928; Kick, 


show the temporal relation of the first 
reticular contraction (It) to regurgi¬ 
tation (x). I he upper curve shows 
contractions of the reticulum ami the 
anterior part of the rumen; the lower 
curve shows intratracheal pressure. 
The calf regurgitated at X, but it is 
evident that the reticulum had al¬ 
ready contracted. The writing points 
were vertically placed. Most of the 
waves in the tracings were caused by 
the breathing movements. (Bergman 
and Dukes.) 


Gcrlaugh, and Sehalk) that a large 


percentage of corn 
crushed during the 


kernels is un¬ 
mastication of 


eating. Since the kernels arc re- 
mast icated onlv to a limited extent, 


it follows that many must pass in¬ 
tact through the animal when whole 
corn is fed and appear in the feces. 

Re mastication and Reinsaliva¬ 
tion. The bolus passes into the 
mouth and remastication begins. 
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This process is accompanied by reinsalivation. During the time occu¬ 
pied by the first few jaw movements the animal swallows, in two gulps, 
much of the liquid that accompanied the bolus to the mouth (Fig. 
107, g, h) ] this material returns to the rumen. The rcmastication is 
thorough and deliberate, differing markedly from the mastication of 
eating. Fuller found, for example, that cows when eating grain and 
silage made jaw movements at an average rate of 94 per minute and 
when eating hay, at an average of 78 per minute, whereas when ruminat¬ 
ing the average rate was only 55 per minute. Ewing and Wright in a 
study of the extent of comminution in different parts of the alimentary 
canal of steers found that more than half the comminution with average 
rations takes place as a result of mastication, including the remastica¬ 
tion. 

Rcinsalivation differs from the insalivation of eating mainly in the 
fact that the submaxillary glands are practically inactive. 

Redeglutition. This differs in no significant features from the 
deglutition of eating. The reswallowed food returns to the rumen. Dur¬ 
ing remastication the bolus grows in size owing to the addition of saliva 
to it. Consequently, before the end of the mastication time a part of the 
bolus is usually swallowed, chewing being continued without interrup¬ 
tion until the rest is swallowed. The rate of passage of the bolus down 
the esophagus is about 1.3 meters per second and is therefore practically 
the same as its rate of passage up. 

Course of the Ruminated Dolus. The ruminated bolus when 
swallowed returns to the rumen. It was formerly widely believed that 
it passed down the esophageal groove to the omasum or abomasum. 
There is convincing evidence that such is not the case in mature cattle. 
Direct examination of the groove in the ruminating animal reveals that 
no food of any consequence passes along it (Schalk and Amadon, 1928; 
Dukes). The questions now arise why the bolus just swallowed is not 
again returned to the mouth at the next regurgitation and how and 
when it passes to the omasum and abomasum. Two factors are probably 
concerned in ensuring the removal of the ruminated bolus from the 
region of the cardia: its higher specific gravity and an additional 
reticular contraction, the one that precedes the next regurgitation. 
These factors, and general reticular motility, cause most of the rumi¬ 
nated food soon to enter the reticulum. Thence it passes quickly to the 
other compartments (p. 359). A small amount of ruminated food 
makes the complete circuit of the rumen, and it is probable that a 
small amount is submitted to a second rumination. 

Regurgitation Analyzed by Optical Recording. Regurgitation and 
related phenomena in cattle have recently been studied by the use of 
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optical tambours and a photokyinograph (Downie). Several optical 
tambours or capsules made of short pieces of glass tube were used. 
One end of the glass tube received as pressure changes, through rubber 
tubing, the physiological actions to he recorded; the other end was 
covered with a rubber membrane to which a concave mirror was 
cemented. A hand of light was transmitted to the mirror, which re¬ 
flected the light onto the photokymograph. The results obtained by 
this method confirmed, for the most part, those obtained by mechanical 



Fio. 110.—Tracings of regurgitation and related events in a steer with a rumen 
fistula. The records were optically made os described in the text. The photo- 
kvmograph vertically aligns all records. I: Intratracheal pressure. F, the negative 
pressure associated with regurgitation Note at G that there is no particular rise 
of intratracheal pressure following the negative pressure. II: Movements of 
boluses in the cervical part of the esophagus. AB, the swallowing of the rcinasti- 
cated bolus. IJ, the regurgitated bolus passing up. MN and OP, the swallowing of 
fluid squeezed out of the bolus ir. the mouth. Ill: Jaw movements, which cease 
at L and begin again at C. IV: Nasal pressure. The glottis is closed from II to X. 
There appears to be a slight lag in the closure of the glottis, producing the dip 
just below H. V: Changes in rbdominal girth. An enlargement is indicated at R- 
This is synchronous with F. At U the rumen contraction which always follows 
regurgitation is under way. VI: Intervals of 0.2 sec. (From Downie, Pholo- 
kymographic Studies oj Regurgitation and Related Phenomena in the Ruminant, 
thesis, Cornell, 1950.) 


recording and made several extensions of our knowledge of regurgita¬ 
tion. The apparent rise in intratracheal pressure just after regurgita¬ 
tion, shown in mechanical records made with a bromofonn manometer 
(Fig. 107, i), proved to be largely an artifact. The pressure increase 
at this time was no greater than that occurring during an ordinary 
expiration. This indicates that no additional force of significance is 
applied to the bolus in the esophagus by the thoracic wall after t ie 
negative pressure. The negativity of the intratracheal pressure during 
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regurgitation generally showed a range of 120 to 200 mm. broraoform. 
One cow (no fistula) regularly showed negative pressures of 300 mm. 
bromoform or greater. Tracings of regurgitation and associated events 
made by optical recording are shown in Fig. 110. 

Time Spent in Rumination. 1 he total time spent daily in rumina¬ 
tion varies considerably in different animals and with different rations. 
Results obtained by Fuller on dairy cows kept under modern herd con¬ 
ditions show an average daily rumination time of a little more than 
8 hours. The minimum time is approximately 7 hours; the maximum, 
approximately 10.5 hours. Schalk and Amadon (1928) found an average 
rumination time of a little less than 7 hours. Bergman and Dukes 
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(1925) have reported similar results. Studies on the behavior of graz¬ 
ing animals indicate that these cattle spend about as much time rumi¬ 
nating as the foregoing (Hughes and Reid). 

Cut hay when fed to steers causes no reduction in the daily rumina¬ 
tion time as compared with whole hay. Ground hay requires less 
rumination time. The grinding of shelled corn for steers causes no 
reduction in the rumination time. The proportion of grain and roughage 
»n the ration influences the rumination time. With a ration containing 
no roughage, the rumination time (steer) has been found to be only 4.5 
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per cent of the total (lay; with a ration of hay alone, 36 per cent. 
When the ration contains no roughage, rumination is slow and listless 
(Kick and co-workers). 

The periods of rumination arc quite evenly distributed through¬ 
out the 24 hours; no time of day seems to be especially preferred (Fig. 
111). From the results of Fuller and of Bergman and Dukes, it appears 
that 14 is about the average number of rumination periods in 24 
hours. The duration of periods varies from a few minutes to an hour 
or more. 

The average time devoted to a bolus (cj’cle of rumination) is 
about one minute (in the cow). The average time required for regurgi¬ 
tation and redeglutition together is 3 or 4 seconds. The duration of the 
pause at the end of a cycle is 3 or 4 seconds. 

Nervous Control of Rumination. The act of rumination is un¬ 
doubtedly reflex, although several of its phases can be influenced by 
“voluntary” control. The inspiratory effort responsible for the projec¬ 
tion of food into the esophagus, the remastication, and the first stage of 
swallowing can be inhibited more or less completely; and if the ru¬ 
minating animal is disturbed by external conditions, the act will usually 
be suspended or stopped altogether. Nevertheless, as it ordinarily oc¬ 
curs, rumination is quite reflex. 

A rumination center probably exists, but its exact location has not 
been determined. The work of C. H. Clark appears to place it well 
forward in the brain-stem. As previously noted, the locations of the 
rumination center and the reticuloruminal motor center may not be 
the same. Rumination and reticuloruminal motility arc, however, 
closely interrelated, and it is a fair assumption that the actions of their 
central control areas are finely adjusted to each other. It is probable 
that the rumination center correlates the activity of a number of other 
centers—respiratory, masticatory, deglutitory—concerned in rumina¬ 
tion. 

The efferent nerves of rumination arc the motor nerves to the 
muscles (inspiratory, laryngeal, esophageal, masticatory, deglutifory, 
reticular) concerned. Rumination can occur, although with diflicu ty» 
even when the phrenics are cut, as an experiment by Flourens showc 
Under such conditions the other inspiratory muscles produce the neccs 
sary negative pressure. The afferent nerve fibers of the ruinina ion 
reflex arc probably have receptors in the reticulum and the «nUn< 
part of the rumen and reach the brain via the vagi. It is probab c m 
the desire to ruminate is related to augmented contractions o ^ 
reticulum and anterior part of the rumen induced by rough ing^ 9 ft 
the cardiac region. Traction on the floor of the reticulum an< 
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ruminoreticular fold and squeezing the floor of the reticulum often 
cause the animal to ruminate. Section of the vagi abolishes rumination, 
probably by cutting the paths that mediate the desire to ruminate as 
well as by interfering with stomach motility. 

Further information on the mechanical factors of digestion in the 
ruminant stomach may be obtained elsewhere (Scheunert; Mangold; 
Mangold and Klein; Stigler; Lenkeit). A comprehensive review covering 
all phases of the physiology of digestion in the ruminant is that of 
McAnally and Phillipson. 

CHEMICAL, MICROBIOLOGICAL, AND OTHER FACTORS 

Although it is known that important changes of a chemical nature 
take place in the ruminant stomach, exact knowledge of many of these 
is still meager or fragmentary. Recent years have, however, seen the 
development of a great deal of research activity in this field, especially 
as it relates to the rumen, so that now much information is available 
on the chemical and microbiological factors of digestion in the rumi¬ 
nant stomach, some of which knowledge can readily be incorporated 
into a general picture of the physiology of this important organ. The 
recent accomplishments having been so considerable and the volume 
of work in progress in many parts of the world being so large, one ma> 
anticipate further expansions in our knowledge in this field. Many of 
the problems require the efforts of physiologists, biochemists, nutri¬ 
tionists, bacteriologists, and protozoologists. The results may be ex¬ 
pected to have large implications for agriculture and veterinary medi¬ 
cine. 

For reviews of the physiology of digestion in ruminants, reference 
may be made to the articles by Phillipson (1946) and Elsden and 
Phillipson. The microbiology of digestion is fully considered by 
Cuthbertson and Phillipson, the bacteriology of the bovine rumen is 
reviewed by Doetsch and Robinson, and the anaerobic bacteria con¬ 
cerned in the decomposition of cellulose have been studied by Hungate. 
Many other researches concerned with chemical, microbiological, and 
ielated factors of digestion in ruminants have recently appeared, only 
a few of which can be referred to in this book. 

Rumen and Reticulum. These compartments of the ruminant stom¬ 
ach are so closely related in all their physiological functions that they 
rnay well be considered together in the present discussion. In addition 
o their important motor functions, these compartments, especially the 
capacious rumen, serve as a place of extensive chemical and micro¬ 
biological activities. The saliva of the ruminant contains no amylase 
and the rumen and reticulum add no secretion to their contents It is 



378 


PHYSIOLOGY OF DOMESTIC ANIMALS 


known, however, that a large number of microorganisms, both bacteria 
and protozoa, exist in the rumen, and there is general agreement that 
they are the main factors responsible for the digestion of carbohydrates 
there. Most workers believe that the microflora are of more importance 
than the microfauna in the digestive processes. Other activities of the 
bacteria of the rumen are the synthesis of B-vitamins (p. 677) and 
the conversion of nonprotein nitrogenous substances such as urea and 
ammonia into protein that can subsequently become available to the 
animal (p. 573). 

Digestion of Carbohydrates. Plant enzymes may be of some im¬ 
portance in the digestion of carbohydrates in the rumen, but knowledge 
on this point is not impressive. Present evidence does not indicate that 
their role is large. 

Bacteria are believed to be the main factors of carbohydrate di¬ 
gestion in the rumen. Two points of view have arisen regarding the 
manner in which bacteria produce products of nutritional importance 
to the animal. (1) The volatile fatty acids found in the rumen are the 
end products of bacterial attack on food carbohydrates and when ab¬ 
sorbed make an important contribution to the nutrition of the animal. 
That this process occurs normally in ruminant digestion and metabolism 
has long been believed and is now considered to be well established. 
(2) The bacteria convert food carbohydrates into products which they 
then build up into an intracellular polysaccharide. This is later 
hydrolyzed in the intestine after its liberation from the organisms 
upon their disintegration in the abomasum. It has been shown that 
microorganisms in the rumen can store a polysaccharide, but much un¬ 
certainty exists as to the fate of this compound. Part of it may later 
be converted into volatile acids in the rumen, and circumstantial 


evidence suggests that intestinal digestion of the polysaccharide occurs. 
Additional information is needed on this point, and in fact on the 
whole question of the disintegration of bacteria in the alimentary cann 
(Cuthbertson and Phillipson). . 

Rumen bacteria are very numerous and many of them aie ce 
lulolytic. A number of workers have studied the factors affecting rumen 
microorganisms and cellulose digestion in vivo and in vitro. Objections 
to the in-vitro or “artificial rumen” technic have been raised, an im 
provements in the technic have been made. Attention has been 
to the differences between the flora characteristics of calves an a u 
cows and to the establishment of the normal microorganisms ,n ^.^ 
rumen of young calves. Inoculations of the rumen of young calves wi 
microorganisms from the rumen of mature animals by placing pi ^ 
of regurgitated boluses (cuds) in the mouth of the young anima s as 
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the hitter in the acquisition of their normal flora and fauna. The 
early feeding of good roughage confers a similar advantage. 

Microbiological changes in acute indigestion in sheep have been 
reported. The introduction of an excess of grain or glucose into the 
rumen causes marked changes in the microbiota, an accumulation of 
nonvolatile acid, and a decrease in the amount of volatile acids 
(Hungate and co-workers). 

The significance of protozoa in the digestion of cellulose in rumi¬ 
nants is not known. Defaunated young ruminants grow normally or 
nearly normally and utilize cellulose as completely as animals with 
normal microfauna. It has been shown by Hungate that some rumen 
protozoa produce an enzyme capable of digesting cellulose, and the 
suggestion was made that other explanations may account for the fact 
that defaunated animals utilize cellulose normally: small numbers of 
cellulose-digesting protozoa may have been present in the first place or 
other agents (bacteria) may have taken over the entire task of cel¬ 
lulose digestion. The possible significance of protozoa in starch diges¬ 
tion is likewise unknown. The great numbers of protozoa present in the 
rumen also suggest that they are functionally important, but no defi¬ 
nite statement can be made until more information is available. Rumen 
protozoa apparently do not occur in the feces or on pasture or other 
foods; they seem to be confined to the rumen and to be transmitted to 

young ruminants by oral contact. Protozoa occur in the colon of the 
horse. 

Cellulose is the main constituent of the cnide fiber of vegetable 
foods. Herbivores in general and ruminants in particular digest and 
use large amounts of cellulose. In sheep it has been found that 70 per 
cent of the digestible cellulose of the food is digested in the rumen 17 
per cent in the cecum, and 13 per cent in the colon. No cellulose diges¬ 
tion occurs in the abomasum or small intestine (Gray). It is now well 
established that important end products of cellulose digestion are a 
mixture of volatile fatty acids, especially acetic, propionic, and butyric. 
Uther polysaccharides including hemicelluloses and starch are fermented 
in the rumen. The products of their fermentation are similar to tho«e 
formed from the fermentation of cellulose. Absorption of these short- 
chain fatty acids occurs in the rumen, reticulum, and omasum. 

Volatile Acids of the Inqesta of Herbivores. Elsden and co-workers 
have investigated the volatile acid content of the ingesta found in 
different parts of the alimentary canal of the sheep, ox, deer, horse nit? 
rabbit, and rat. The regions of the alimentary canal in which fermenta- 
lon occurs, as judged by the concentration of volatile acid in the 
mgesta, are the rumen and reticulum in ruminants and the large intes- 
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tine in all species (Fig. 112). Acetic, propionic, and butyric acids make 
up over 85 per cent of the volatile acids of the rumen and large intes¬ 
tine. The relative proportions of these three acids are similar in all 
species studied (except the rat), the averages being acetic acid, 67; 
propionic acid, 19; butyric acid, 14. The amount of volatile acid pre¬ 
sent in the ingesta per kilogram of body weight was greatest in the ox 
and sheep. Calculations were made of the average amounts of volatile 



Fio. 112.—Average concentration of volatile acid in the ingestn of different parts 
of the alimentary tract of animals. The concentration of volatile acid is expresse 
as grams of acetic acid per 100 gm. of dry matter. (From Elsdcn, Hitchcoc , 
Marshall, and Phillipson, Journal of Experimental Diolooy, 1946, 22.) 

acids present in different parts of the alimentary canals of several ani¬ 
mals. Some of the results are: rumen and reticulum of ox, 329 gm., 
rumen and reticulum of sheep, 64 gm.; colon and cecum of horse, 236 
gm. From the large intestine of a horse 342 gin. of volatile acid (ex¬ 
pressed as acetic acid) were actually isolated. 

Such results as these leave no doubt of the great importance of the 
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volatile acids as end products of carbohydrate digestion in ruminants 
and other herbivores. 

lngesta from atonic rumens show less volatile acid content and 
produce less gas than ingesta from normal rumens (Stone). 

Digestion oj Protein . Much less is known about the digestion of 
protein in the rumen than about the digestion of cellulose, starch, and 
other carbohydrates in this location. That such digestion occurs is un¬ 
doubted, and in view of the facts that (1) saliva contains no proteolytic 
enzyme, (2) plant proteolytic enzymes appear to be of little or no 
significance in protein digestion in the rumen, and (3) the rumen adds 
no secretion to its contents, it seems reasonable to assume that prac¬ 
tically all of the digestion of protein in the rumen is caused by micro¬ 
organisms (McDonald). The nitrogen of the food enters the rumen as 
protein and numerous nonprotein nitrogenous substances. Much of 
this nitrogenous material is believed to be built up into the protoplasm 
of the rumen microorganisms, ammonia being an important intermedi¬ 
ate compound in this utilization. Some of the ammonia formed is ob- 
sorbed into the blood, converted into urea in the liver, and excreted by 
the kidney. A small amount of the urea is returned to the rumen via the 
saliva. Protein leaving the rumen for the other compartments consists 
o! undigested food protein and microbial protein. Much of the former 
and at least part of the latter are digested to amino acids farther down 
the alimentary canal. This hypothesis of protein digestion in the 
rumen is elaborated and supported with some evidence in a recent 

report by McDonald. Reference may also be made to the article by 
Cuthbertson and Phillipson. 

Rumen Temperature. The fermentations that occur in the rumen, 
anaerobic in nature, result in considerable heat production. The 
temperature of the rumen is influenced by the heat so produced. A 
method of measuring rumen temperatures at several levels in the 
rumen has been described (Dale, Stewart, and Brody). The highest 
temperature was found in the dorsal part of the rumen. With feed 
available to the cow the maximum rumen temperature exceeded the 
rectal temperature by 4°F. After a 24-hour fast the maximum rumen 
temperature exceeded the rectal by only 1.5°F. Feeding of hay caused 
the fasting rumen temperature to rise to the fed level within 15 min¬ 
utes after the beginning of eating. Administration of water (at 62°F.) 
by stomach tube caused a sharp fall of rumen temperature but did not 
affect the rectal temperature. The rumen temperature rose to the rectal 

within two hours. The rise occurred rapidly at first and then more 
slowly. 

Rumen temperatures of sheep have been studied by means of a 
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resistance thermometer and thermocouples with appropriate recording 
devices (Nangeroni). The ingestion of food increased rumen tempera¬ 
ture. The rise of rumen temperature caused by overfeeding to the point 
of digestive disorder was no greater than that following normal feed¬ 
ing. The rise of rumen temperature after feeding was not considered 
to be great enough to cause digestive disorders. 

<Jases and Eructation. The gases of the rumen are principally carbon 
dioxide and methane. At times a considerable percentage of nitrogen 
may be present, but the actual amount of this gas in the rumen is 
usually not very great. Small amounts of oxygen, hydrogen, and 
hydrogen sulfide may also be present. Conditions in the rumen are 
anaerobic. Carbon dioxide is produced by bacterial fermentation in the 
rumen. Probably a number of organic substances in the rumen can 
serve ao sources of carbon dioxide. The former belief was that methane 
arose from cellulose fermentation, but it is now considered that it is 
formed by the reduction of carbon dioxide with the simultaneous 
oxidation of substances such as alcohols or lower fatty acids. 

Saliva contains a great deal of carbon dioxide in the form of car¬ 
bonates. When the reaction of the rumen ingesta is acid, saliva in the 
rumen may serve as a source of carbon dioxide (Cole and co-workers). 

The composition of rumen gases is little influenced by the kind of 
ration eaten, but it varies greatly with the time elapsing after feeding 
(Fig. 113). Likewise the total amount of gas formed is not greatly 



Time after Feeding 


Fia. 113.—Composition of rumen gases (in a dairy cow) on a r ^ lt, ° n ° 
alfalfa hay and grain. (From Washburn and Brody, Missouri Aqtxcu ura 

Experiment Station Research Dull. 263, 1937.) 
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affected by the kind of ration consumed, but it rises sharply after eat¬ 
ing and then falls gradually (Fig. 114). The amount of food eaten and 
the amount of gas formed are directly related (Cole, Mead, and 
Kleiber). 

The gases of the rumen may be expelled by eructation, or belching, 
and by absorption into the blood. Most of the gas so absorbed would 
be eliminated through the lungs. It is possible that some of the carbon 
dioxide of the rumen is removed by bacteria, which use it in their 
metabolic processes. 

Eructation is a complex reflex act involving reticuloruminal motility, 
the cardiac orifice, and the esophagus. No fully acceptable theory of 



Fio. 114.—Rate of gas formation in a cow after eating. The broken line shows 
the average of three tests on a full feed of alfalfa hay; the solid line, the average 
of five tests on a full feed of green alfalfa. The rate of gas formation is shown 
in liters per half-hour. Note the general similarity of the two curves. (From Cole, 
Mead, and Kleiber, California Agricultural Experiment Station Bull. 662, 1942.) 


eructation is available. The physiology of eructation with particular 
reference to bloat is discussed by Dougherty. Some investigators be¬ 
lieve that the stimulus for the eructation reflex is provided by the 
scratching of roughage on the rumen mucosa (Cole, Mead, and 
ileibcr). A more recent theory holds that the principal stimulus for 
he reflex is gas pressure in the posterior dorsal blind sac of the rumen* 
a wave of rumen contraction starts in this location and moves forward 
exerting pressure on the free gas in the dorsal part of the rumen the 
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region of the cardia is cleared by reticular relaxation, the cardiac 
orifice opens, and gas is expelled. Obstruction of the esophagus, frothing 
of the rumen contents, overfilling of the rumen, disturbances of the 
innervation of the stomach, and reflexes from lower parts of the 
digestive tract are factors that will decrease the efficiency of the re¬ 
flex (Weiss). The mechanism of eructation and the sequence of events 
in this process in sheep with gas injected into the rumen have recently 
been studied cinefiuorographically (Dougherty and Meredith). 

Bloat. This is the overdistention of the rumen with gas. It is a seri¬ 
ous practical problem in cattle and sheep husbandry. Bloat may be 
divided into acute and chronic types. Acute bloat is the kind that is 
related to feeding practices and is the one considered here. As noted 
above, neither the total amount nor the composition of the rumen gas 
is greatly influenced by the kind of feed. However, the composition and 
the amount formed change markedly after feeding. There is a direct re¬ 
lationship between the total amount of gas formed and the amount of 
food eaten. Recent studies show that these generalizations also apply 
in bloat. It is not the composition of the rumen gas that has changed, 
nor is the amount produced in bloat greatly increased. 

Acute bloat is most commonly seen in animals pastured on thick 
immature stands of alfalfa or clover. Bloat is usually not a serious 
problem when animals are pastured on grasses. Modern work indicates 
that the main problem in bloat hinges to a greater degree around the 
expulsion of gas than its production. 

Many theories of bloat have been proposed from time to time, but 
none of them have been found fully satisfactory. The large number of 
theories, some of them only remotely related, attests to our lack of 
fundamental knowledge of the cause of bloat. An extensive review on 
bloat by Cole and co-workers appeared in 1045, and an article by 
Dougherty largely concerned with recent work appeared in 1953. 

Clark and Weiss have shown that a salivary secretory reflex in 
ruminants can be evoked by mechanical stimulation in the cardiac 
region of the stomach (p. 311). The normal stimulus is considered to 
be roughage in the diet. The copious salivary secretion resulting from 
this reflex is thought to have ns one of its functions the prevention of 
froth formation in the rumen ingesta. In the absence of the stimulus 
for the reflex, less saliva is secreted and the rumen gases foam in the 
thick tenacious ingesta. Therefore the rumen gases cannot be expellee 
by eructation. This theory is somewhat similar to the physical de¬ 
ficiency theory of Cole and co-workers, in which, however, lack o 
roughage fails to stimulate the eructation reflex. In the newer theory 
the lack of roughage fails to stimulate a salivary secretory reflex, wi 
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resulting foaming of ingesta and inability to expel the gas. This theory 
and the work which underlies it may be helpful in resolving some of 
the other theories of bloat existing at the present time. 

The rumen wall is normally permeable to gas. It is possible that in 
bloat a decreased permeability of the rumen wall to gas, or a diminished 
capillary circulation because of increased intraruminal pressure, may 
be a factor. However, the evidence on these points is meager. 

The cause of death in bloat is unknown. Apparently the rise of 
pressure in the rumen of bloated animals is not great enough by itself 
to account for death. The absorption of toxic factors may be important. 
Dougherty and Cello have recently demonstrated a toxic factor in the 
rumen ingesta of sheep and cattle, normal and sick. Greater amounts 
of the substance were found in the rumen ingesta of cattle and sheep 
affected with acute indigestion and bloat than in normal rumen ingesta. 
The factor when injected into test animals lowers blood pressure, in¬ 
hibits rumen motility, stimulates respiration, increases motor activity 
of the lower part of the digestive tract, and causes leukopenia. It has 
variable effects on isolated segments of ileum. Its absorption from the 
ruminant stomach and intestine has been experimentally demonstrated. 
It is possible that this substance is concerned in the pathogenesis of 
digestive disorders of ruminants and that its absorption from the 
digestive tract may contribute to the cause of death in bloat and other 
digestive distuibances. While the work to date suggests the involve¬ 
ment of the toxic factor in these conditions, the evidence is as yet 
largely circumstantial and indirect. 

The physiological effects of inflation of the stomach of sheep have 
been reported by Dougherty and co-workers. 

Reaction of Ingesta. A number of recent studies have been made. 
Most of the results indicate that the reaction of rumen contents is 
just on the acid side of neutrality. Most of the values fall in the range 
of pH 6.0 to 7.6. The changes of pH are a manifestation of the changes 
in the amounts of organic acids that are present in the rumen as a re¬ 
sult of the fermentation of ingesta there. The rate and magnitude of 
the changes in pH depend in part on the diet and the rate of absorp¬ 
tion from the rumen. Other factors are salivary secretion and the 
passage of ingesta to the other compartments. Variations observed 
during the day and with different rations arc shown in Fig. 115. 

Depression of rumen motility associated with abnormally high pH 

(in excess of pH 7.5) as well as abnormally low pH (4.1 to 4.7) lias 
been reported. 

Omasum. The material in the omasum of the ox is much drier than 
that in the rumen or the reticulum, its water content being only from 
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50 to 65 per cent. Such a condition of low moisture is not favorable 
to the operation of the chemical factors of digestion. Sheep show con¬ 
siderably higher values: dry matter, 15 to 22 per cent, according to 






Fio. 115.—The pH of samples of rumen ingesta obtained from a cow by means o a 
rumen fistula. The effects of various rations are shown. Evidently the changes in p 
attributable to the differences in the rations used were small. Tho pH of the unne 
is also shown. (From Monroe and Perkins, Journal of Dairy Science, 103 , 
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the work of Garton. The average reaction of the omasa] contents of 
the ox is PH 7.2 (Schwarz and Stremnitzer). 

Abomasum. T iiis, the glandular portion of the ruminant stomach, 
presents fundic and pyloric zones with their respective kinds of glands. 
Mucous glands occurring at the omaso-abomasal junction in the goat 
have also been described (p. 354). 

The secretion of the fundic glands is gastric juice; hence the func¬ 
tion of the abomasum is essentially the same as that of the simple 
stomach. The water content of abomasal ingesta is high—80 to 90 
per cent. The concentration of volatile acids in the ingesta is low. 

Pure gastric juice has been obtained from the goat (Bickel, Grosser) 
and calf (Belgowski; Shoptaw, Espe, and Cannon; Espe and Cannon, 
1937) and has been found to be similar in composition and action 
to that of simple-stomached animals. The hydrogen ion concentration 
of the abomasal contents of cattle varies from pH 2 to 4.1 (Schwarz 
and Kaplan). The freezing point of abomasal contents of sheep is 

practically the same as that of blood; the range is —0.555 to —0.610°C. 
(Davey). 

The secretion of gastric juice from Hollander and Pavlov pouches 
of the abomasum of sheep has been studied and the composition of the 
juice with respect to acidity and chloride has been determined (Masson 
and Phillipson). The chloride concentration in the juice ranged from 
141 to 177 mEq. per liter. The average acidity of the gastric juice 
secreted by the Hollander pouch under normal conditions was 86 mEq. 
per liter. Neutral juice or juice of low acidity was occasionally ob¬ 
tained during fasting. The secretion from the Hollander pouch over 
a 21-hour period varied on different occasions from 826 to 1185 ml 
with an average figure for all collections of 955 ml. It was thought 
that the total amount of gastric juice secreted by the abomasum might 
be as much as 5 to 6 liters in 24 hours. The pH of samples obtained 
at different tunes of the day and night ranged from pH 1.05 to 1.32. 
It was estimated that the omasal contents when entering the abomasum 

Phillfpson^ 1 ab0Ut tW ° tlmeS by the gastric J uice Wasson and 


The effect of heat treatment of milk on the abomasal emptying 
nne and abomasal acidity of calves has been studied (Mortenson 
^spe and Cannon). Heat-treated milk leaves the abomasum more 
quickly than raw milk. Apparently variations in the acidity of the 
gastric juice when the heated and raw milks were fed were not great 
enoug i to account for the differences in evacuation time. The lowering 

ic curd tension by the heat was probably an important factor in 
the quicker evacuation time when heated milk was fed 
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The effect of various foods (whole milk, skim milk, soybean gruel) 
on the rate of secretion of gastric juice and on the free and total acidity 
of the abomasal contents has been studied in calves (Shoptaw, Espe, 
and Cannon). 

Psychic secretion of gastric juice is slight or absent in ruminants. 
This has been determined on calves with Pavlov pouches (Espe and 
Cannon, 1937). A calf teased with food or a calf with an esophageal 
fistula subjected to sham-feeding (Fig. 116) shows no significant in¬ 
crease in the secretion of gastric juice. 



Fio. 116.—Effect of sliam-fceding on the secretion of gastric juice by a calf. 
Esophageal fistula and Pavlov pouch (abomasum). (From Espe and Cannon, 
American Journal of Physiology, 1937, 119.) 


The Passage of Ingesta from the Abomasum to the Duodenum. The 
passage of ingesta from the abomasum of the sheep to the duodenum 
(Fig. 117) 1 ms been studied by means of a permanently exteriorized 
flow (Crocker-Markowitz technic) and by means of cannulas placed 
in the duodenum (Phillipson). In the latter method the completeness 
of flow from the cannula closest to the pylorus was assured by observ¬ 
ing that no ingesta came from the second cannula or by inflating a 
balloon inserted into the duodenum through the second cannula. Fhe 


volume of ingesta passing from the abomasum to the duodenum was 
between 400 and 500 ml. per hour in different experiments. A dai } 
flow of 10 to 12 liters is thus indicated. Inflation of the balloon in tie 
duodenum reduced the flow from the abomasum, and the introduction 
of the outflow back into the duodenum through a third cannula dimm 
ished or temporarily stopped the flow from the abomasum. Total ram 
age of ingesta from the duodenal cannula without reintro uc ion 
increased the flow. After a feed of concentrates the flow was increase 
but not after a feed of hay. During rumination the flow from ^ 
duodenum was more regular than at other times. The frequency 
reticular contractions and the volume of food leaving the a omas 
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snowed no apparent interrelation. Intervals of 15 to 30 minutes between 
gushes of ingesta from the abomasum were noted, particularly after 
the eating of hay. 



Fig. 117—Quantities of ingesta collected per hour from a duodenal 
cannula located just caudal to the pylorus of sheep. The animals 
were fed at 7 am. (hay), 11 a.m. (concentrates), and 4 p.m. (hay). 
Triangles, open circles, and squares indicate collections from one 
sheep; solid circles from another sheep. (From Phillipson, Journal 
oj Physiology, 1952, 116.) 

ABSORPTION FROM THE RUMINANT STOMACH 

Until recently it was generally believed that absorption from the 
ruminant stomach does not occur. The epithelium, particularly in the 
first three compartments, was held to be structurally unfavorable to 
absorption. The epithelium of the rumen mucosa has been studied 
histologically and compared with the epithelium of the skin (Barcroft, 
McAnally, and Phillipson, 1944a). It is evident from this study that 
rumen epithelium is more favorable to absorption than is skin epithe¬ 
lium. The capillaries of the rumen mucosa come into intimate relation 
with the deep epithelial cells. The omasal epithelium is similar to that 
of the rumen, and the leaves are well supplied with blood. 

Modern work requires extensive revision of our ideas about ab¬ 
sorption from the ruminant stomach. Working with sheep and goats. 
Trautmann made fistulous openings into the different stomach com¬ 
partments; through these openings aqueous solutions of drugs of 
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known physiological action (pilocarpine, atropine) were introduced. 
Care was taken to localize the drug solution in the place where it 
was introduced. Following the use of pilocarpine, licking, chewing, 
salivation, swallowing, and other signs of the systemic action of 
the drug were noted. The introduction of atropine caused the effects 
of pilocarpine to disappear. Evidence of absorption was obtained from 
all four compartments, but the first three absorbed more rapidly than 
the abomasum. 


Rankin made observations on the absorption of glucose, potassium 
iodide, pilocarpine, strychnine, and sodium cyanide from the rumen of 
sheep. Care was taken to ensure localization in the rumen of the sub¬ 
stances tested. In all cases evidence of absorption was obtained. Glu¬ 
cose in the concentration introduced into the rumen caused an unmis¬ 
takable rise in the blood sugar level. The glucose solutions used were 
strong. Further experiments are desirable in which glucose in weaker 
concentration is used. The drugs caused systemic effects. 

It has been shown (Schambye) that when sheep are fed a normal 
diet and the fermentative capacity of the rumen microorganisms is 
normal, oral administration of 1 gram of glucose per kilogram of body 
weight does not produce a rise in the blood sugar level. The glucose is 
fermented to volatile acids. The administration of 2 grams of glucose 
per kilogram gives a small rise. Following a fast of several days, with 
consequent decrease in fermentative capacity in the rumen, glucose 
administration causes a considerable rise in the blood sugar level. 
(Measurements of the blood sugar levels were made on portal and 
arterial blood.) 

Barcroft, McAnally, and Phillipson (1944b) demonstrated that 
absorption of lower fatty acids occurs from the rumen of the sheep. 
The concentration of the acids in the blood obtained from veins that 
drain the rumen was determined and found to be definitely higher than 
that in peripheral blood It was shown in a similar way that absorption 
of volatile acids occurs from the reticulum, omasum, and cecum but 
not from the abomasum and small intestine. The amount absorbed from 
the omasum was less than from the rumen. The results clearly show 
that lower fatty acids in nutritionally significant amounts arc absorbed 
from the alimentary canal of the ruminant. 

Danielli and co-workers continued the work on absorption from the 


ruminant stomach begun by Barcroft anti co-workers. A study ^ n9 
made of the mechanism of absorption from the rumen as it affects the 
lower fatty acids, acetic, propionic, and butyric. Absorption of the 
lower fatty acids from the rumen is influenced by the pH of the rumen 
contents. At lower pH values, for example, 5.8, more absorption occurs 
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than at higher values, for example, 7.5. This is clue to the fact that 
at the lower pH values free fatty acid as well as the fatty acid anion 
is absorbed, whereas at alkaline pH only the fatty acid anion is ab¬ 
sorbed, free fatty acid being present only in negligible amounts. How¬ 
ever, absorption of volatile fatty acids (in whatever form) in con¬ 
siderable quantity occurs at all pH values ordinarily found in the 
rumen. The studies involved considerations of the permeability of the 
rumen epithelium. It was concluded that the fatty acid anion is ab¬ 
sorbed through water-filled pores, which probably lie in the inter¬ 
cellular cement substance of the rumen epithelium. The free fatty acid 
is absorbed in part through water-filled pores but to a greater degree 
through the epithelial cells themselves. It was also concluded that the 
permeability of the rumen epithelium to free acid in the rumen ingesta 
is an important factor in the control of rumen pH, ensuring a tendency 
toward neutrality in addition to, and independently of, the buffering 
action of saliva. 

Further work has been done on the absorption of acetic, propionic, 
and butyric acids from the rumen of sheep (Masson and Phillipson, 
Kiddle and co-workers). The concentrations of the several volatile 
acids in the blood leaving the rumen is not proportional to the rates 
of their removal from the rumen. Probably there is some metabolism 
of the acids, particularly butyric, in the wall of the rumen. There is no 
greater concentration of volatile acids in lymph obtained from the 
thoracic duct than in the arterial blood. It appears therefore that the 

lymph route is of no importance in the absorption of the short-chain 
fatty acids from the rumen. 

Evidence has been obtained for water absorption from the omasum 

of sheep, the concentrations of several minerals (inorganic phosphorus. 

soluble calcium, soluble magnesium) in fluid obtained from the omasum 

of slaughtered sheep was higher than their concentrations in rumen 
fluid (Carton). 

Bicarbonate appears to be absorbed from the omasum, since its 
concentration in omasal contents is lower than in rumen contents 
There is a progressive fall in concentration of bicarbonate in the ingesta 
obtained from five places in the omasum, beginning near the reticulo- 
omasal orifice and extending along the wall of the organ to the region 
of the omaso-abomasal orifice. The significance of bicarbonate absorp¬ 
tion from the omasum may be to prevent undue neutralization of the 
gastric juice (Ekman and Sperber). 

Potassium, sodium, and chloride are absorbed from the rumen. Ap¬ 
parently selectivity of the rumen epithelium is involved in chloride 
absorption (Parthasarathy and Phillipson). 



Chapter XV 


DIGESTION IN THE SMALL INTESTINE 


T HE material leaving the stomach and entering the intestine is 
known as chyme. Its consistency is fluid or semifluid and its re¬ 
action is acid. It is composed of water, hydrochloric acid, inorganic 
salts in great variety, and many kinds of organic substances such as 
acid metaprotein, proteoses, peptone, starch, dextrins, and maltose 
(in animals possessing salivary amylase), gums, cellulose and related 
compounds, liquefied fats, and many other substances, depending upon 
the diet and feeding habits of the animal. The composition of chyme 
of sheep is shown in Fig. 118. 

In the intestine the chyme undergoes important changes, which con¬ 
stitute intestinal digestion. In the small intestine the factors of digestion 
are pancreatic juice, bile, intestinal juice, and certain movements of the 
intestinal wall. The movements will be discussed in the next chapter. 

PANCREATIC JUICE 

The pancreas closely resembles in structure the parotid salivary 
gland. It is a compound tubulo-alveolar gland pouring its secretion into 
the duodenum by means of the pancreatic duct. In the horse and dog 
there are usually two ducts. The arrangement of the duct system in 
mammals is discussed by Huntington. The secreting alveoli are grouped 
into lobules and these into lobes. Throughout the pancreas there is 
found a connective tissue framework giving support to the alveoli, 
lobules, and lobes. Lying in the connective tissue between the alveoli 
are collections of polyhedral cells known as the pancreatic islets or 
islands of Langerhans. These structures, different from the groups of 
cells (alveoli) concerned in the production of pancreatic juice, produce 
an internal secretion that plays an important part in carbohydrate 
metabolism. The pancreas may therefore be regarded physiologically 
as two organs in one. The alveoli produce the digestive juice. The 
islets produce the internal secretion insulin. The (3-cells of the islets 
are believed to be the source of insulin. The present problem deals wit 
the external secretion, pancreatic juice. Insulin will be studied in an¬ 
other chapter. For the significance of lipocaic, see p. 590. 

302 
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Fia. 118.—Composition of chyme leaving the abomasum of two sheep. The 
ingesta were obtained from a cannula situated just caudal to the pylorus. Food 
and treatment of the animals were identical. Hay was fed at 7 a.m. and 4 r.M.; a 
concentrate mixture at 11 a.m. (From Masson and Phillipson, Journal of Physi¬ 
ology, 1952, 116.) 


Composition and Amount. Samples of pancreatic juice may be 
obtained from a cannula inserted into the pancreatic duct or from a 
permanent fistula of the duct. Pancreatic juice is a clear, distinctly 
alkaline liquid which coagulates on heating. The pH of the juice ob¬ 
tained from permanent fistulas in dogs ranges from 7.16 to 8.04 (John¬ 
ston and Ball). The percentage composition of the juice from a per¬ 
manent fistula in the dog is as follows (C. Schmidt, cited by Vierordt): 


Water 

98.04 

Solid matter 

1.95 

Organic matter 

1.27 

Ash 

0.68 

Specific gravity 

1.01 


The amount of pancreatic juice secreted per kilogram of body 
weight per day in domestic animals is, according to the old work of 
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Colin (cited by Vierordt), as follows: horse, 16.8; ox, 14.4; sheep, 12.0; 
pig. 7.2; dog, 2.4 gm. From these figures it may calculated that the 
daily amount of pancreatic secretion in a 455-kg. (1000-pound) horse 
is more than 7 liters; in a 455-kg. ox, more than 6 liters, and so forth. 
In man it is estimated that the daily amount is 700 to 1000 ml. 

Action. Pancreatic juice shows the presence of several proteolytic 
enzymes, a lipolytic, and an amylolytic enzyme. 

Proteolytic Enzymes. At least three proteolytic enzymes occur in 
pancreatic juice: trypsinogen, chymotrypsinogen, and carboxypepti- 
dase. Trypsinogen , present in the pancreatic juice obtained directly 
from the pancreatic duct, is activated by the enzyme enterokinase, 
found in the intestine. The activated substance is termed trypsin. This 
enzyme converts proteins and partly hydrolyzed proteins into peptides 
and amino acids. It is not particularly active on native protein. Trypsin 
appears to be present in all animals. The optimum pH for its action 
is about 8. Trypsin has been prepared in crystalline form. Chymotryp¬ 
sinogen is changed to chymotrypsin by the action of trypsin in the 
intestine. It converts proteins and partly hydrolyzed proteins into 
peptides and amino acids. Chymotrypsin shows a powerful coagulating 
action on milk. It has been prepared in crystalline form. Carboxy- 
peptidase acts on peptides and splits off an end amino acid. Carboxy- 
peptidase has been prepared in crystalline form. 

Pancreatic Lipase (Stcapsin). This enzyme has the power of hydro¬ 
lyzing fats to fatty acids and glycerol. As has already been stated, the 
amount of fat digestion in the stomach is slight. Liquefied fat upon 
entering the intestine encounters alkaline juices in the upper part of 
the intestine, whereupon any free fatty acid in the fat is converted 
to soap. This, aided by the churning action of the intestinal movements, 
emulsifies the neutral fat. Emulsification hastens fat hydrolysis because 
of the large fat surface presented for enzymic action. The fatty acids 
released by hydrolysis are themselves insoluble in the medium present 
in the intestine. They combine with bile salts to form water-soluble, 
diffusible compounds. Not only are the bile salts of value in holding m 
solution otherwise insoluble fatty acids but they have an activating 
effect on lipase. Their action in this respect is believed to be non¬ 
specific (Waldschmidt-Lcitz). 

In the form of fatty acids and glycerol, therefore, fats are ab¬ 
sorbed. The possibility is not excluded, however, that some fat is 
absorbed in unhydrolyzed form, perhaps in a state of molecular fine¬ 
ness (p. 449). . 

Lecithinase, an enzyme capable of hydrolyzing the phospholipi 
lecithin, is said to be found wherever lipase is found. 
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Pancreatic Amylase (Amylopsin ). This enzyme i 3 present in the 
pancreas and the pancreatic juice of all vertebrates. It resembles sali¬ 
vary amylase in many respects and hydrolyzes starch and the various 
dextrins to maltose. Some observers claim that amylopsin consists of 
more than one enzyme: an amylase proper, which hydrolyzes starch 
to dextrin, and one or more dextrinases, which hydrolyze dextrins to 
maltose. According to Groll, the optimum hydrogen ion concentration 
for the action of amylase from fresh pig pancreas is pH 5.5 to 6; from 
ox pancreas, pH 6.7; from human pancreatic juice, pH 7.4. Bile prob¬ 
ably lias a slight accelerating influence on the amylolytic action of pan¬ 
creatic juice. Certain ions, particularly Cl, are necessary for the action 
of pancreatic amylase. 

Other Enzymes; Electrophoretic Components. Sucrase (invertase) 
and maltase, enzymes that hydrolyze sucrose and maltose, respectively, 
into their constituent monosaccharides, have been found in the pan¬ 
creas; but the amount present is not large. These enzymes and lactase 
are found more abundantly in the small intestine. A recent study has 
been made of the distribution of proteins and enzymic activities in 
electrophoretic components of the pancreatic juice of the dog (Gross- 
berg and co-workers). 

Digestive Importance of Pancreatic Juice. In spite of the im¬ 
portance of pancreatic juice in the digestive processes, it is not indis¬ 
pensable, at least in dogs (Coffey, Mann, and Bollman, 1940c). Various 
procedures—complete pancreatectomy, complete pancreatic fistula, 
evulsion of the pancreatic ducts—can be used to prevent the entrance 
of pancreatic juice into the intestine. Following the complete absence 
of pancreatic secretion, large amounts of fat and carbohydrate appear 
in the feces. Protein digestion and absorption are little affected, al¬ 
though nitrogen excretion in the feces is increased. A small amount 
of pancreas suffices to carry on the digestive work of the pancreas. 

REGULATION OF PANCREATIC SECRETION 

Nervous Control. The control of the secretion of pancreatic juice 
was for many years a very live research topic in physiology. Pavlov 
and co-workers showed that secretory nerve fibers reach the pancreas 
principally by the vagi and, to a lesser extent, by the splanchnic nerves. 
When the peripheral end of the vagus is stimulated, the blood pressure 
falls. To prevent this undesirable side effect the vagus nerve may be 
transected several days before it is to be stimulated. During this time 
the cardio-inhibitory fibers lose their irritability, whereas the secretory 
fibers of the pancreas remain unaffected. Stimulation of the peripheral 
end of the vagus now causes secretion. The cardiac effect may be pre- 
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vented by stimulating the vagus nerve in the thorax below the origin 
of the cardiac branches. That nerve impulses are normally concerned 
in the secretion of pancreatic juice is further shown by the observation 
(Pavlov, Ivy) that a dog with a pancreatic fistula secretes pancreatic 
juice when sham-fed. This indicates that nervous influences that de¬ 
velop as a result of the sensations of eating are at work. It may there¬ 
fore be concluded that pancreatic secretion, like gastric secretion, shows 
a preliminary stage in which cephalic nervous stimuli are effective. 
The amount of juice secreted during the cephalic phase is small. 

Hormonal Control: Secretin. Pavlov and his pupils also showed 
that when acid is introduced into the duodenum the pancreas secretes. 
Since this effect takes place even when the vagi are cut, they held it to 
be of the nature of a peripheral reflex through the ganglia of the pan¬ 
creas, most of which are situated close to the duodenum. 


Bayliss anti Starling (1902) reinvestigated the question of the acid 
stimulus of pancreatic secretion and found that secretion takes place 
even when acid is introduced into a loop of denervated jejunum. Since 
acid introduced directly into the blood stream has no effect, these 
investigators suspected that some substance is formed in the wall 
of the intestine by the action of acid and is then transported by the 
blood to the pancreas where it exerts its stimulating effect. They there¬ 
fore extracted scrapings from the mucous membrane of the jejunum 
with hydrochloric acid, filtered and neutralized the extract, and injected 
it into a vein. The result was that the pancreas secreted copiously. To 
the substance extracted from the lining of the intestine and activated 
by hydrochloric acid, Bayliss and Starling gave the name secretin. 
They showed that it is a thermostable substance. To chemical excitants 
formed in the body and transported in the blood stream they gave the 


general name hormone. 

The humoral control of the pancreas has been studied by Ivy and 
Farrell (1926) and Ivy, Farrell, and Lueth. It was shown that a piece 
of pancreas permanently transplanted under the skin would secrete 
after the animal was fed. This proved that an excitant was carried to 


the transplant via the blood stream. Later indubitable evidence was 
brought forward that the humoral agent in question is a hormone. A 
Thiry-Vella fistula was made from the jejunum of a dog, the tail of 
whose pancreas had been previously transplanted under the skin. In 
another dog a loop of jejunum was transplanted under the skin and a 
pancreatic transplant was marie. In either case when a weak solution 
of hydrochloric acid—a pure chemical substance which when introduce 
parenterallv does not cause the pancreas to secrete—w r as applied to e 
loop, the pancreas would begin to secrete in a short time. These experi- 
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ments afford convincing proof that something (a hormone) was formed 
in the loop as a result of the acid application and was carried by the 
blood to the pancreatic transplant, which it then stimulated to secrete. 
It is generally believed that the mechanism operates in the normal 
individual. 

Hydrochloric acid is not the only substance which upon entering 
the intestine arouses the pancreas to secrete. Fats, fatty acids, soaps, 
meat, starch, water, and other agents are effective. 

Necheles and Lim have made a contribution to our knowledge of 
the hormone for pancreatic secretion. They submitted the circulating 
blood of dogs to dialysis (vividialysis) and injected the dialyzate into 
the blood stream of other dogs, whereupon the pancreas of the injected 
dogs secreted. It was further found that the pancreatic excitant could 
be increased in amount in the dialyzed blood by feeding or by the 
injection of hydrochloric acid into the duodenum. This is strong evi¬ 
dence that the mechanism is normal. 

Bayliss and Starling (1902) held that secretin exists in the epithelial 
cells of the small intestine in the inactive state, prosecretin, which upon 
coming in contact with hydrochloric acid from the stomach is con¬ 
verted into active secretin. This is then absorbed into the portal blood 
and carried to the pancreas, where it exerts its action. More recent 
work suggests that secretin exists in the wall of the intestine in an 
active form; but the matter is not fully settled. Secretin has been pre¬ 
pared in crystalline form. It is probably a peptide. 

The distribution of secretin varies considerably in different species 
(Mellanby). In the cat it is found practically only in the duodenum. 
In the pig considerable amounts occur at least 10 feet from the pylorus. 
In the goat it is found not only in the duodenum but also in the ileum. 
In the dog Weaver found secretin occurring principally in the duo¬ 
denum. It has been found in the small intestine of the fetus. 

It has long been known that pancreatic juice formed under the 
action of secretin is copious in amount, poor in protein and enzymes, 
and rich in sodium bicarbonate, whereas that produced under vagal 
stimulation is scanty in amount but rich in protein and enzymes. 

Secretin appears to act directly on the secretory cells of the pan¬ 
creas and not on the nerve terminations. It is without effect on the 
gastric glands but it stimulates the secretion of bile. 

Hormonal Control: Pancreozymin. Recently a substance has been 
extracted from the mucosa of the small intestine of the pig, dog, and 
cat which when injected into cats causes an increased secretion of 
enzymes by the pancreas but is without effect on the volume of juice 
formed (Harper and Raper). The substance has been designated as 
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pancreozymin. It is thermostable. It has a distribution in the small 
intestine similar to that of secretin. Pancreozymin is effective on the 
pancreas after vagus transection or the injection of atropine. It is 
distinct from secretin and cholecystokinin (p. 412). It appears to be 
a hormone which, like the vagi, regulates the secretion of enzymes by 
the pancreas. Secretin controls the volume and bicarbonate content 
of the juice. Products of protein digestion are important factors in the 
release of pancreozymin. 

In the normal regulation of pancreatic secretory activity the hor¬ 
mones are thought to play a much more important part than the 
nervous mechanism (Wang and Grossman). 

INTESTINAL JUICE 

Glands of the Intestine. The intestine of all animals shows the 
presence of two kinds of glands, intestinal and duodenal. The intestinal 
glands (crypts of Lieberkiihn) are simple tubular glands found through¬ 
out the small and large intestine. They are limited to the mucous mem¬ 
brane, that is, they do not extend into the submucosa. They show the 
presence of many goblet cells. The secretion of these glands is known 
as intestinal juice or succus entericus. 

The duodenal (Brunner’s) glands do not occur throughout the in¬ 
testine; they are limited to the first part of the small intestine. In all 
animals they begin at the pylorus, but their backward extent varies 
greatly in different species. The duodenal glands are tuhulo-alveolar in 
type; and the secreting portion is found principally in the submucosa, 
although it may occur in the deeper parts of the mucous membrane. 
The ducts of the duodenal glands generally open on the surface of the 
mucous membrane between the villi, though in some instances into the 
fundus of the intestinal glands. Considerable interspccies structural 
differences in the duodenal glands of domestic animals have been re¬ 
corded (Elias, 1947b). The secretion of the duodenal glands is known 
as duodenal juice. Numerous glands in the submucosa of the ileum of 
the ox have been reported (Elias, 1947a). Their significance is un¬ 
known. 

Methods of Obtaining Intestinal Juice and Intestinal Contents. 
Intestinal juice proper, that is, the secretion of the intestinal glands, 
may be obtained in pure form by means of a Thiry fistula or a Tlnr> - 
Vella fistula. In cither operation a segment of intestine is isolated ex¬ 
cept for its mesenteric attachment, and the continuity of the bowc 
is re-established. In Thiry’s method one end of the excised loop is 
closed and the other end is brought to the surface of the body b> being 
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fixed into an opening in the abdominal wall. Vella’s modification con¬ 
sists in fixing both ends of the isolated loop into openings to the out¬ 
side (Fig. 119). From the opening or openings intestinal juice can be 
obtained. The fistula as usually made (in the dog) is below the duo¬ 
denal gland zone, so that the secretion represents intestinal juice proper. 
Simple fistulas into the lumen of the intestine obviously do not yield 
pure intestinal juice. 

Up to the present time it has been found impossible to obtain duo- 



Fio. 119.—Diagram of Thiry fistula (left) and Thiry-Vella fistula (right). 
(From Markowitz, Textbook oj Experimental Surgery, William Wood 
and Company, 1937.) 


denal juice in pure form. This is because of the intimate anatomical 
relation of the duodenal glands to the intestinal glands. 

Intestinal contents may be obtained for study by means of a simple 

fistula of the bowel or, better, by means of the Mann-Bollman fistula. 

This fistula can be made at any level of the gastrointestinal tract. 

A Mann-Bollman fistula of the terminal portion of the ileum is shown 
in Fig. 120. 

Composition. Many investigators have obtained pure intestinal 
juice from the dog by means of a Thiry fistula or some modification of 
it. From a lamb (Pregl), a goat (Lehmann), and pigs (Lohscheidt) 
intestinal juice has been obtained by means of fistulas. Intestinal 
juice is described as a colorless or pale-yellow, usually somewhat turbid 
liquid of alkaline or slightly acid reaction and a specific gravity of 
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Fia. 120.—Fistula of the terminal por¬ 
tion of the ileum. A piece of intestine 
is resected and used as a fistulous tract 
to the bowel. The piece is so directed 
that its peristaltic activity will prevent 
leaking. This type of fistula can be 
made at any level of the gastroin¬ 
testinal tract. (From Mann and Boll- 
man, A minis of Surgery, 1931, 93.) 


about 1.01. According to Thiry (cited by Vicrordt), the percentage 
composition of the juice of tbc dog is as follows: 


Water 

97.59 

Protein 

0.80 

Other organic substances 

0.73 

Inorganic salts 

0 88 


.Modern studies are in close agreement with these results. I r rom 
isolated jejunal loops with intact blood, lymph, and nerve supplies, 
dc Beer, Johnston, and Wilson obtained a juice whose average composi¬ 
tion was as follows: water, 97.46 per cent; solids, 1.66 per cent; ash, 
0.88 per cent; pH 6.8. 

Pregl found that the juice obtained from a fistula situated well down 
the intestine of a lamb contained nearly 3 per cent of solids, including 
sodium bicarbonate, protein, urea, and other substances. Its specific 
gravity was 1.014. 

Intestinal juice has been obtained from Thiry-Vella fistulas of 
sheep (Phaneuf). The juice was yellowish or tinged with brown, "as 
watery or mucoid, and at times contained whitish debris. It was alka¬ 
line in reaction. The specific gravity was 1.010 to 1.012. During a 
7-hour period 26 ml. were secreted. The rate of secretion was increase 
by arecoline, a cholinergic drug. A sheep with a Thiry-Vella fistula is 
shown in Fig. 121. , 

It is difficult to get an accurate idea of the amount of juice secrete 
by the entire intestine in a given time. Pregl estimated that the woe 
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intestine of a lamb secretes nearly 3 liters in 24 hours. Estimates in 
man range from 700 to 3000 ml. 

Action. The question of the digestive action of intestinal juice re¬ 
solves itself into one of the enzymic properties of the juice. A number 
of enzymes have been described in intestinal juice and in extracts of 
intestinal mucous membrane. Some investigators report that enzymic 
action of extracts of the mucous membrane is much greater than that of 



end of the fistula. The catheters were joined by a V-tube. The animal remained 
in good health for months. (From Plmncuf, Studies on the Motor and Secretory 
Activity of the Cecum and Small Intestine of the Sheep, thesis, Cornell, 1952.) 


the juice itself. This leads to the belief that the enzymes under con¬ 
sideration are chiefly endo-enzymes, exerting their action on the foods 
during absorption. Such a view receives further support from the fact 
that most intestinal enzymes act on intermediary products of diges¬ 
tion products which from the physicochemical point of view should 
be absorbable but which for physiological reasons must undergo further 
hydrolysis, as they pass through the wall of the intestine. Modern work 
on the enzyme activity of intestinal juice has been done by Cajori, who 
found that peptone, sucrose, and lactose are absorbed more rapidly 
from intestinal loops than could be accounted for on the basis of en¬ 
zyme activity of the juice. It appears therefore that endo-enzymes 
exist in the wall of the intestine. The subject is discussed in a review 
on the secretions of the intestine by Florey, Wright, and Jennings. 

The following enzymes have been described in intestinal juice or in 
extracts obtained from the intestinal mucosa. 
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Enterokinase. This enzyme activates trypsinogen, a proteolytic 
enzyme of the pancreas (p. 394). 

Peptidases. Several peptidases (old name, erepsin) are present in 
the mucous membrane and the juice of the intestine. Peptidases con¬ 
vert peptides to amino acids. 

Maltase. This enzyme converts maltose into glucose. It is present 
also, in small amounts, in pancreatic juice. 

Sucrose (Invertase, Saccharose). This disaccharidase hydrolyzes 
sucrose to glucose and fructose. 

Lactose. This enzyme splits lactose into glucose and galactose. 
It is present in the intestine of all young mammals but may be lacking 
in mature mammals that do not receive milk in their food. 

Lipase. This enzyme, which is similar to pancreatic lipase, un¬ 
doubtedly occurs in the intestine. 

Amylase. An amylolytic enzyme is found in significant amounts in 
intestinal juice (Cajori). Extracts of intestinal mucosa also contain an 
amylase, but it may be of blood origin. 

Polynucleotidase, Nucleotidase, and Nucleosidase. Nucleoproteins 
(p. 565) are widely present in foods of both plant and animal origin. 
They are conjugated proteins composed of a protein fraction and 
nucleic acid. Under the influence of gastric and pancreatic digestion 
nucleoproteins are split into protein and nucleic acid. The protein is 
digested in the usual manner; the nucleic acid is digested by enzymes 


of the intestinal juice and mucosa. 

Nucleic acids arc made up of four radicals known as mononucleo¬ 
tides. They are therefore sometimes designated as tetranucleotides. A 
mononucleotide is a combination of phosphoric acid, pentose, an 
purine or pyrimidine base. When the phosphoric acid is split off from 
a nucleotide, a nucleoside is left. It is a pentose-base combination. 

Polynucleotidase is an enzyme which splits nucleic acid into its 
constituent mononucleotides. Another enzyme—nucleotidase, a p os 
phatase—hydrolyzes mononucleotides to nucleosides and phosp l0n ^ 
acid. Nucleosides are hydrolyzed to purine or pyrimidine bases an 

pentose by the action of a third enzyme, nucleosidase. 

Regulation of Intestinal Secretion. The regulation of the secrc 
of intestinal juice has not been as extensively studied as has the 
tion of gastric and pancreatic secretions. It is generally recognizee ^ 
mechanical stimulation of the intestinal mucosa causes sccrc io ^ 
intestinal juice. The importance of the extrinsic nerves in tie con 
of the secretion has long been a question. Recent experiinen n0 ^ 

Wright and co-workcrs show that the nerves play a part, u 1 e _ 
vet clear what their functions are. Stimulation of the vagi causes s 
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tion, principally from the duodenal gland area. The sympathetic nerves 
apparently inhibit secretion, for transecting them causes secretion from 
all of the small intestine. That a humoral mechanism is involved in 
stimulating the glands seemed probable from the work of several in¬ 
vestigators (Ivy, 1930) and appears to be proved by experiments of 
Nasset, Pierce, and Murlin. In this work loops of jejunum (in the 
dog) were transplanted to the submammary tissue. After a time the 
original circulation and innervation of the loops were abolished by 
severing the mesenteric pedicle of the loops. Food in the digestive tract 
was accompanied by an increased rate of secretion from the isolated 
loops, as well as by an increased production of enzymes. Thus it is 
evident that both the rate of secretion and the production of enzymes 
of the intestinal glands are under humoral control. Later work indi¬ 
cates that the excitant is a hormone. Enterocrinin is the name given 
to the hormone. It has been obtained from the small and large in¬ 
testines of several species (Nasset). Enterocrinin is believed to act by 
exciting the intestinal gland cells directly. A method for the prepa¬ 
ration of purified enterocrinin has been described (Ileggeness and 
Nasset). 

Grossman regards as inadequate the evidence that has been pre¬ 
sented for the hormonal nature of enterocrinin. 

The Duodenal Glands. As previously stated, the secretion of the 
duodenal glands has never been obtained in pure form. Therefore their 
exact function is unknown. Bergman, Dukes, and Yarborough found 
that extracts of the submucosa in the duodenal gland zone of all 
domestic animals showed the presence of an amylase. They were un¬ 
able, however, to determine whether the enzyme was produced by the 
glands or merely owed its presence to tissue fluid in the gland substance. 
Yet owing to the marked amylolytic action of duodenal gland extracts 
when compared with the action of extracts obtained from other parts 
of the intestine and elsewhere, they were led to believe that the glands 
themselves produce an amylase. No lipase or protease was found 
Pavlov expressed the belief that the duodenal glands produce an 
amylase, and this view is held by several other workers 

Florey and Harding (1934, 1935a) have made an extensive study 
of the secretion of the duodenal glands, or more precisely the secretion 
of the upper part of the duodenum, in a number of species. Segments 
of the upper part of the duodenum were cut out and made into fistulas 
one end of the loop being closed and the other communicating with the 
outside through an opening in the wall of the abdomen The bile and 
pancreatic ducts were not disturbed. Successful fistulas were made in 
ie goat, pig, dog. cat, and rabbit. Only partial success was attained 
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in slicep. The duodenal juice in all species examined was viscous and 
sticky. This is due to the presence of mucins or pseudomucins. The 
specific gravity was practically the same in all species: goat, 1.007- 
1.008; pig, 1.007; cat, dog, and rabbit, 1.009. The amount of organic 
solids was about 0.5 per cent in all cases. The juice from all animals 
studied was distinctly alkaline: goat, pH 8.2-8.4; pig, pH 8.4-8.9; cat, 
pH 8.7-89; dog, pH 8.4; rabbit, pH 8.6-8.9; sheep, pH 8.3-8.4. The 
bicarbonate content varied widely. The juice from the goat and sheep 
showed little bicarbonate, while that from the rabbit contained a 
considerable amount. Other species occupied an intermediate position. 

The amount of the secretion was large. Under comparable condi¬ 
tions the amount secreted in a particular animal was remarkably con¬ 
stant. In a goat a fistula about 5 cm. long secreted about 4 ml. of juice 
per hour. This would indicate the secretion of nearly 100 ml. daily 
from a small portion of the intestine containing duodenal glands. 

The authors point out that the duodenal-gland-containing part of 
the intestine is the only part which gives an abundant secretion. The 
fact that the duodenal glands arc histologically mucous glands tends 
to show that they are the source of the mucin of the juice. The high 
pH of the juice—much higher than the pH of jejunal juice—lends to 
the belief that the duodenal glands themselves arc the source of much 
of the alkali found in the juice. 

The work of Florey and Harding appears to add definite weight to 
the theory that a function of the duodenal glands is to protect, by rea¬ 
son of the alkali and mucin or mucinlike substances in the juice, the 
mucosa from injury by the acid chyme coming from the stomach. 
Numerous experiments in the pig by Florey and co-workers support this 
view. The duodenum was shown to possess a much greater resistance 
to gastric juice than is possessed by other parts of the intestine. 

Comprehensive studies of the enzymic activity of duodenal juice 
obtained from duodenal fistulas in animals of several species (pip. 
dog, cat, rabbit, goat) showed the presence of amylase and cntcro 
kinase. Protease ami peptidase were absent. Traces of invertasc anc 

lipase were sometimes found (Wright and co-workers). 

Control of the Secretion. In the cat and rabbit Florey and Har ing 
have shown that secretion of the duodenal glands can occur indepen ^ 
cntly of the extrinsic nerves. That a humoral control is presen ^ 
indicated bv the fact that the duodenum transplanted into tic a^ 
dominal wall (eat) secretes when the animal is fed. Clear y ,n 
experiment of this kind all nerve supply is abolished. Stimuli can r 
the transplant only via the blood of the cutaneous vesse s. 
results have been obtained in pigs with duodenal transplants 
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and co-workers). Evidence lias been obtained which suggests that 
secretin is the humoral excitant for the duodenal glands (Florey and 
Harding, 1935b; Fogelson and Bachrach). 

Evidence has also been presented that the stimulating action of 
certain extracts on the duodenal glands is not due to the secretin they 
contain but to another specific substance. For this substance, presum¬ 
ably a hormone, the name duocrinin has been proposed (Grossman). 

For the effect of the intestinal nerves on the secretion of the in¬ 
testine, including the duodenal gland area, see p. 402. 

BILE 

The liver, the largest gland in the body, has a number of important 
functions which may be summarized as follows: (1) secretion of bile; 
(2) formation and storage of glycogen and regulation of the glucose 
level of the systemic circulation; (3) deamination of amino acids and 
formation of urea; (4) destruction of uric acid; (5) synthesis of fatty 
acids from carbohydrate and protein, phosphorylation of fats, inter- 
conversion of the fatty acids, partial oxidation of the fatty acids, and 
formation of the ketone substances; (6) storage of vitamin A; (7) 
detoxication of poisonous substances brought to it by the blood; (8) 
aiding in the destruction of erythrocytes; (9) storage and distribution 
of the antipernicious anemia factor; (10) formation of fibrinogen and 
probably other plasma proteins; (11) formation of prothrombin; (12) 
destruction of estrogens. 

It is the present purpose to discuss the significance and secretion 
of bile. The secretion of bile is only one of many functions of the liver 
(other functions are dealt with in appropriate places), and, as Mann 

(1927) pointed out, it is probably not its most important function in 
the higher animals. 

Methods of Obtaining Bile. Bile may be obtained for study in a 
number of ways. Pavlov’s method was to resect the bile duct and 
a small piece of intestinal wall surrounding it and to close the opening 
thereby made in the bowel. The piece of intestine containing the duct 
was then sutured into the abdominal incision, whereupon healing took 
place. As the bile passed to the outside through the fistulous opening, 
it could be collected for study. Since the gallbladder, which is present 
in most species used for experimental work, exerts in most cases a con¬ 
centrating effect on bile, its removal may be necessary in certain 
biliary-fistula studies. Bile may be obtained from temporary fistulas 

of the hepatic ducts, the bile duct, or the gallbladder, and in other 
ways. 

Amount and Composition of Bile. According to the old studies of 
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Bidder and Schmidt (cited by Vierordt) the daily amount of bile 
secreted per kilogram of body weight in different animals is as follows: 
cat, 14.5 gm.; dog, 19.9 gm.; rabbit, 136.8 gm.; sheep 25.4 gm. The 
recent studies of Schoregge on goats with bile fistulas indicate that 
the daily quantity varies from 24 to 30 ml. per kilogram of body weight. 
Quin (1936) obtained lower values for sheep. The average output of 
bile from a fistula of the bile duct of the horse is about 3000 ml. for 
a 20-hour period (Chiaravalle and Aramburn). Schmidt and Ivy have 
made a study of the amount of bile secreted in animals of many species. 

The secretion of bile is continuous, although the rate varies with 
a number of conditions. In goats, according to the work of Schoregge, 
there is no night variation; the flow decreases with fasting and increases 
with feeding; rumination has no effect on the flow; administration 
of bile or hydrochloric acid into the duodenum increases the flow. In 
the horse secretion of bile continues during fasting but increases in 
amount during digestion. 

Bile is a viscid, greenish, or golden-colored liquid with a bitter 
taste and a composition that is complex and that varies considerably 
in different species. The composition depends also upon whether bile 
is obtained from the gallbladder or from the ducts of the liver. In 
some species the gallbladder concentrates bile; that obtained from the 
gallbladder contains several times as much total solids as that obtained 
from the hepatic ducts directly (liver bile) and has a lower pH. The 
following constituents occur in bile: bile pigments, bile acids or bile 
salts, cholesterol, lecithin, a mucinlike substance, fats, soaps, urea, 
inorganic salts, and other substances. The table below shows the chief 
constituents of liver bile of the dog (Rosenthal). 


Specific gravity 

1.008-1.015 


pH 

7.4-8 5 


Dry substances 

4.0 

gm. per 100 ml. 

Bilirubin 

0.2-03 

gm. per 100 ml. 

Bile acids 

2.0 

gm. per 100 ml. 

Fats, including lipoids 

0.1 

gm. per 100 ml. 

Urea 

0.03 

gm. per 100 ml. 

Iron 

0.01 

gm. per 100 ml. 

Lime 

0.025 

gm. per 100 ml. 


In the goat the specific gravity of bile varies from 1.004 to 1.0 » 

dry matter, 2.88 to 4.72 per cent; ash, 0.48 to 0.76 per cent. 

Bile Pigments. These are biliverdin and its reduction pro 
bilirubin. Biliverdin is found in the bile of many animals, espccia > 
the herbivores. Bilirubin is present in the bile of most vertebrates, u 
it is apparently absent from the bile of sheep and cattle (Ramsey 
It is the only pigment present in the bile of the dog. 
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It has long been believed that hemoglobin is the source of bilirubin. 
This belief rests mainly on such evidence as the following: (1) the 
chemical relation of bilirubin to hemoglobin; (2) the formation of 
bilirubin at points of extravasation of hemoglobin; (3) the increase 
in bilirubin formation following any increase of free hemoglobin in the 
body. Mann and co-workers have brought forth additional evidence 
that bilirubin is formed from hemoglobin and that one of the inter¬ 
mediate products in its formation is hematin (heme). These investiga¬ 
tors injected hemoglobin into the blood entering the spleen and bone 
marrow and found that the blood leaving these organs contained an 
increased amount of bilirubin. It may therefore be concluded that bile 
pigment is derived from blood hemoglobin. The question arises whether 
muscle hemoglobin is also a source of bile pigment. Hawkins and 
Johnson expressed the belief that under normal conditions one-third 
to one-fourth of the bile pigment eliminated daily comes from muscle 
hemoglobin, but other evidence suggests that these values are too high. 

I he stages in the formation of bilirubin from hemoglobin are not 
fully understood. As stated above, hematin (heme) appears as an 
intermediate product. This is the pigmentary portion of the hemoglobin 
molecule and contains iron, whereas bilirubin is iron-free. In some 
way, therefore, iron is split off and the remainder of the pigment is 
conveited to bilirubin. The iron-containing fraction is largelv con¬ 
served by the body to be used again in the formation of new hemo¬ 
globin (p. 32). About 30 per cent of the iron of the body is found in 
storage depots. 


The question of the place of bilirubin formation has been actively 
studied. In view of the fact that bilirubin is eliminated in the bile 
and that the latter is a product of the liver, it might be supposed that 
bilirubin is formed in the liver. Present evidence indicates that some 
of the bilirubin is of liver origin. However, observations by a number 
of investigators (Mann, 1927) show that when the liver of the mam¬ 
mal is removed, bile pigment, as indicated by the appearance of a 
yellow coloration in the blood plasma and tissues, continues to be 
formed. The most convincing evidence that the pigment which con¬ 
tinues to develop in dehepatized animals is bilirubin is furnished by 
the experiments of Mann, Sheard, and Bollman, who identified the 
pigment by means of the spectrophotometer. There is therefore no 
doubt that some bilirubin is formed outside the liver. Research has 
shown that the extrahepatic sites of bilirubin formation are the spleen 
and bone marrow. Of the three known sites of bilirubin formation the 
bone marrow is the most important and the liver the least. The evi¬ 
dence indicates that the reticulo-endothelial cells in the locations just 
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indicated are the actual places of the transformation of hematin into 
bile pigment. 

As far as is known, the bile pigments are waste products of the 
metabolism of hemoglobin and are without further use to the body. 
They enter the intestine as a part of the bile and are mixed with the 
ingesta. During their passage along the bowel, they become reduced 
by bacterial action and appear in the feces, not in their original form, 
but in the form of urobilin (stercobilin). The brown color of the feces 
is due principally to this substance (but to some extent to pigments 
of food origin). It was formerly believed that the bile pigments were 
in part absorbed from the intestine into the portal blood and returned 
to the liver, where they were again eliminated, but later work on dogs 
(Bollman, Slieard, and Mann; Blankenhorn) shows that no such ab¬ 
sorption of bilirubin occurs. However, its absorption by the lymphatics 
might occur in minute amounts. As regards urobilin, Blankenhorn was 
able to show that it is absorbed by both the portal blood and the 
lymph. The absorbed urobilin is largely re-eliminated into the intestine 
by the liver, but some of it is excreted by the kidney. 

Bile Salts: Bile as a Digestive Secretion. The bile salts are the 
sodium—and to a lesser extent the potassium—salts of glycocholic and 
taurocholic acids, formed in the liver and found in bile. In carnivorous 
mammals and in birds taurocholic acid prevails; in the sheep and goat 
the same acid predominates. In the ox sometimes one is in excess, some¬ 
times the other. In the rabbit, hare, and pig, glycocholic acid is present 
almost exclusively (Hammerstcn and Hcdin). Taurocholeic and glvco- 
choleic acids, similar in composition to the foregoing, have been de¬ 
scribed in small amounts in certain biles. 


Glycocholic acid is a compound of glycine and cholic acid, as may 
be shown by hydrolyzing it with ac id. Taurocholic acid is a compound 
of taurine and cholic acid. Glycine and taurine arc of protein origin. 
Glycine is the simplest of the amino acids, is widely present in the 
proteins of the foods and tissues and can be synthesized by the body. 
Taurine, a sulfur-containing, nitrogenous substance, is derived from 
the amino acid cysteine and may possibly be a normal intermediary 
product of cysteine metabolism. Cholic acid is derived from cholcstcro . 
This has been shown by an experiment in which the injection into a 
dog of cholesterol labeled with deuterium resulted in the formation o 
cholic acid that contained deuterium (Bloch, Berg, and Rittenberg). 

Dietary factors affecting the output of cholic acid have been stu ic< 


by Magee and co-workers. . . 

Bile is both an excretion and a digestive secretion. It is ® 
because of the presence of bile salts that bile is able to function in 
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latter way. The value of bile as a digestive secretion was mentioned 
in connection with pancreatic digestion. Bile, by reason of its bile salts, 
is of use in digestion and absorption in the following ways: (1) Bile 
activates pancreatic lipase. (2) Bile probably accelerates slightly tlie 
action of pancreatic amylase. (3) Bile assists in fat emulsification. 
(4) The higher fatty acids are nearly insoluble in water, but in the 
presence of bile their solubility is increased. Thus their absorption is 
aided. When bile is not allowed to enter the intestine, fat absorption is 
definitely decreased (CofTey, Mann, and Bollman, 1910b). During fat 
absorption the bile salts are also absorbed, in combination with the 
fatty acids. The reabsorbed bile salts thus enter the portal blood and 
are carried back to the liver, where they are again excreted. This con¬ 
stitutes the so-called circulation of the bile salts. During their re¬ 
elimination they act as cholagogues, or stimulants to the flow of the 
bile. The absorption of bile salts from the intestine is not quantitative; 
consequently they are lost to some extent from the body in the feces. 
However, the loss in this way is small. (5) Bile assists in the absorption 
of the fat-soluble vitamins. 

Bile has some importance as a digestive secretion aside from its 
content of bile salts. (1) It is a reservoir of alkali and thus assists in 
maintaining an optimal reaction in the intestine. (2) The mucin or 
mucinlike constituent of bile and the protein of pancreatic and intesti¬ 
nal juices act as stabilizers of the fat emulsion in the intestine. (3) Bile 
was formerly believed to have marked antiseptic properties and thus 
to regulate bacterial growth in the bowel. This view was based largely 
on the observation that when bile does not enter the intestine the feces 
develop a very offensive odor, because of intestinal putrefaction. That 
bile is itself not a general antiseptic of importance, however, is indi¬ 
cated by the fact that it can serve as a culture medium for many micro¬ 
organisms. The known antiseptic action of bile in the intestine must 
therefore be less direct and is explained as follows: When bile does not 
enter the intestine, fat absorption is diminished, and the other food 
constituents become coated with a film of fat or fatty acid. For this 
reason their digestion is hindered, and in the case of protein putrefac¬ 
tion occurs. The feces therefore develop an offensive odor. Bile also has 

a moderately laxative effect. The digestive functions of bile arc dis¬ 
cussed in a review by Schmidt 

Cholesterol. Occurring in significant amounts in the bile of prac¬ 
tically all animals, cholesterol belongs to the group of lipids known 
as sterols. Cholesterol is found not only in bile but also in blood and 
other body liquids. In the blood it may occur in the free form or 
cs erificd with fatty acids, whose transport it probably aids. It is uni- 
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versally present in the cells of the animal body, is believed to be of 
importance in regulating the permeability of their peripheral mem¬ 
branes, and may be of use in other ways. It is an important constituent 
of the stroma of red blood corpuscles and is present in large amount 
in the white matter of nerves. It is closely related to the steroid com¬ 
pounds such as the adrenal and sex hormones, vitamin D, and the bile 
acids. 

Cholesterol is formed in the liver (from acetate) for use in the 
metabolic processes. Cholesterol in excess of the body’s needs is elimi¬ 
nated in the bile. It does not occur in plants, but it is present in most 
animal fats. In carnivorous animals, therefore, some of the cholesterol 
of the bile is probably of food origin. Some of the cholesterol entering 
the intestine with the bile is reabsorbed from the intestine. The rest 
appears in the feces after having undergone modification by bacteria in 
the intestine. 

Cholesterol is often the chief constituent of gall stones. It would 
be insoluble in bile were it not for the bile salts. It is probable, there¬ 
fore, that a decrease in bile salts is a factor in the settling out of 
cholesterol to form gall stones (Oliver). Pathological deposits of 
cholesterol may occur elsewhere in the body, for example, in arteries. 

Secretion of Bile. Bile is secreted continuously by the hepatic cells; 
however, the rate varies with the food and other factors. Although the 
liver possesses an abundant efferent nerve supply, the evidence is 
against the idea that the nerves are secretory; their main function seems 
to be vasomotor. Drugs stimulating the sympathetic and the para¬ 
sympathetic are without effect on the secretion of bile. If the liver does 
not possess secretory nerves, what constitutes the stimulus for the secre¬ 
tion of bile? It is possible that a humoral mechanism is concerned, or 
it may be that the production of bile is dependent merely upon varia¬ 
tions in the volume and pressure of the blood flowing through the liver. 
Experiments made in an effort to test the latter possibility have not 
yielded conclusive results (Downs; Tanturi and Ivy). Probably there 
is some relationship between blood flow and bile output. As to the first 
possibility a number of observations make it likely that a humors 
mechanism is concerned, and it is believed that bile salts and secretin 
absorbed from the intestine are the excitants. The production of i c 
under the influence of stimuli coming from the seat of most active 
digestion (small intestine) would thus be co-ordinated with the nee 

of the digestive organs. , . 

Applying to the study of bile formation (in the dog) me ° 
similar to those used in the study of urine formation, it has been con^ 
eluded that two principal mechanisms are concerned in the transpo 



SMALL INTESTINE 


411 


of material from blood to bile: filtration and secretion. Most of the 
substances studied behaved as if filtered: water, sodium, potassium, 
chloride, cholesterol, and others. Some substances, including bilirubin 
and antibiotics, apparently are actively secreted (Cook and co¬ 
workers). 

The pressure under which bile can be secreted has been studied by 
Mann and Foster in a number of animals, some possessing gallbladders 
(goat, rabbit, guinea pig, striped gopher) and some not (rat, pocket 
gopher), and it was found that variations of considerable magnitude 
occurred in the different species (goat, 182 mm. bile; rabbit, 2G5 mm. 
bile; guinea pig, 203 mm. bile; striped gopher, 125 mm. bile; pocket 
gopher, 147 mm. bile; rat, 215 mm. bile) but that the presence or 
absence of a gallbladder was not one of the causes of the variations. 
In goats the secretory pressure is, according to Schoregge, about 270 
mm. bile. In sheep Rangsit found an average bile secretory pressure of 
216 mm. bile. 

Extrahepatic Biliary System. The hepatic ducts, the gallbladder 
and its cystic duct, and the bile duct constitute the extrahepatic biliary 
tract. There are marked anatomical variations in this system in differ¬ 
ent species (Mann, Brimhall, and Foster). Animals of most species 
possess a gallbladder, although it is lacking in some. The horse, deer, 
and rat are familiar animals that do not have a gallbladder, and it is 
a remarkable fact that one species of gopher (striped gopher) has a 
gallbladder whereas another species (pocket gopher) has not. Even 
more striking is the fact that in the giraffe it is sometimes present and 
sometimes absent. Marked variations occur in different species in the 

relation of the bile duct to the pancreatic duct (Mann, Foster and 
Brimhall). ’ 

As previously stated, bile is secreted continuously by the liver but 
at a \ ariablc rate. Its entrance into the bowel in animals possessing a 
6 m ttent , in animals not possessing a gallbladder, 

continuous (Giordano and Mann). During the time bile is not flowing 
into the intestine it is stored in the gallbladder. It has been shown in 
goats that bile does not remain in the gallbladder long and that liver 
bile may flow directly into the intestine for hours (Schoregge). The 
discharge of bile into the intestine and the filling of the gallbladder are 
controlled by a muscular mechanism at the duodenal end of the bile 
duct. In animals not possessing a gallbladder the resistance to the pas¬ 
sage of bile from the bile duct into the duodenum is low, whereas in 
animals possessing a gallbladder the resistance is higher. 

The gallbladder periodically discharges its contents into the in¬ 
testine bv contraction of the muscular tissue in its wall. Motility of the 
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gallbladder is apparently little affected by the extrinsic nerves, but that 
a hormone mechanism is concerned is evident from the work of Ivy 
and Oldbcrg. They demonstrated that the mucosa of the upper part of 
the small intestine produces a hormone which causes the gallbladder 
to contract and evacuate. The name cholecystokinin has been given to 
the hormone. Additional studies leave no doubt of the existence of 
cholecystokinin (Grossman). 

The nerves of the gallbladder are the vagi and splanchnics. The 
vagi are predominantly motor, the splanchnics predominantly in¬ 
hibitory. As noted above, the extrinsic nerves apparently play only a 
minor part in gallbladder motility. 

Other factors concerned in emptying the gallbladder are (1) the 
washing out of its contents by bile coming from the liver, (2) the 
elasticity of its wall and the variations in intra-abdominal pressure, 
and (3) the absorption of some of the biliary contents by the wall of 
the gallbladder. 

The gallbladder in some species exerts a concentrating action on 
the bile entering it. The pigment concentrations in bladder bile and 
liver bile give a basis for judging the concentrating action. Water and 
inorganic salts are the principal substances absorbed. The following 
animals, among others, have gallbladders capable of considerable 
concentrating action (5 to 10 times) on bile: cat, dog, rabbit, mouse, 
chicken, man. These animals have gallbladders with little or no con¬ 
centrating ability: pig, sheep, goat, cow (Schmidt and Ivy). 

Summary of the Functions of the Gallbladder. (1) In some species 
(cat, flog, rabbit, mouse, chicken, man, and others) the gallbladder 
stores bile, presumably for use later on in digestion and absorption. In 
these same animals the gallbladder concentrates bile. This enhances its 
function as a reservoir and may be useful in other ways. (2) The gall¬ 
bladder has a pressure-regulating function, acting as an clastic bag in a 
system of relatively inelastic tubes. In this way extreme variations 
of pressure in the system of biliary ducts are minimized. This is ap¬ 
parently the only function of the gallbladder in the pig, sheep, goat, and 
cow. (3) The gallbladder adds mucin or a mucinlike substance to bile. 
One of the functions of this substance may be to delay the absorption 
of bile salts from the intestine, thus preventing hemolysis in the porta 
blood. Another function may be to assist in stabilizing the fat emul¬ 
sion formed in the intestine. The functions of the gallbladder are re¬ 
viewed by Mann (1924) and Ivy (1934). 

Liver Function Test. The dye bromsulfalein is excreted from t e 
blood almost entirely by the liver. The bromsulfalein excretion test o 
liver function is based on the rate of removal of the dye from the b oo 
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after the intravenous injection of a certain amount of it. The rate of 
removal of the dye by the liver depends upon the blood flow through the 
organ, the state of the liver cells, and the condition of patency of the 
biliary system. 


REACTION IN THE INTESTINE 

Gastric juice is acid in reaction, whereas duodenal juice, pancreatic 
juice, bile, and often intestinal juice as well, are alkaline. Absorption 
is an important process in the intestine. One would expect therefore 
that the reaction of the intestinal contents would vary somewhat in 
different places and at different times. Myers and McClendon studied 
the reaction of the duodenum of man by means of the duodenal tube 
and usually found that the reaction three to four hours after meals 
fluctuated around the neutral point but that the extreme acidity was 
greater than the extreme alkalinity. Graham and Emery found that 
the reaction in the duodenum of the dog varied from pH 6.2 to 6.5 
regardless of whether the dogs were fed a normal diet or one in which 
protein, fat, or carbohydrate predominated. From the duodenum to the 
ileocecal valve the reaction became gradually more alkaline. It was 
acid in the cecum. McClendon and co-workers expressed the belief that 
the reaction of the intestine is determined more by the relative length 
of the intestine than by the character of the food. Grayzel and Miller 
likewise found that diets high in fat, protein, or carbohydrate caused 
no notable change in intestinal reaction in dogs. 

Continual adjustment of the reaction of the intestinal contents goes 
on. Changes in the bicarbonate concentration and the carbon dioxide 
tension in the contents are important factors in the adjustment. 

Leasure, Link, and Whitlock made observations on the reaction of 

ingesta from various parts of the gastrointestinal tract of aged horses 

killed at a horse-slaughtering establishment. The determinations were 

made shortly after the death of the animals. The following average 

results were obtained: stomach, pH 4.46; duodenum, pH 7.13; jejunum. 

pH 7.47; ileum. pH 7 . 55 ; cocum, pH 7.24: large colon, pH 7.09; rectum. 
pH 6.24. 



Chapter XVI 


DIGESTION IN THE LARGE INTESTINE; 
INTESTINAL MOVEMENTS 


M ATERIAL that escapes absorption in the small intestine is gradu¬ 
ally propelled through the ileocecal valve into the large intestine. 
The nature of this material varies greatly in carnivores and herbivores, 
and because of this the significance of the large intestine is different 
in these animals. 

LARGE INTESTINE OF CARNIVORES 

From the standpoint of actual digestion carnivores have little need 
for a large intestine; digestive processes are practically complete in the 
small intestine. The functions of the large intestine are mainly to re¬ 
turn to the blood water that has been poured out by the digestive 
glands and to act as a reservoir for the waste materials that constitute 
the feces. The latter are expelled at intervals from the bowel by the 
act of defecation. 

Form and Structure. The colon of carnivores is relatively short 
and is nonsacculated; the cecum is poorly developed. Intestinal glands 
are found throughout the large intestine, but their secretion is differ¬ 
ent from that in the small intestine. No villi are found in the large 
intestine. 

Secretion. The glands of the large intestine are mainly mucous 
glands and do not produce enzymes. Such enzymes as are found there 
are carried down from the small intestine with the ingesta. The secre¬ 
tion of the large intestine is a mixture of the secretion of the surface 
epithelium and of the gland cells and is clear, viscid, and highly mucous. 
It is alkaline in reaction and contains mucous flakes and cell fragmen • 
From isolated colonic loops (in dogs) with intact blood, lymph, an 
nerve supplies, de Beer, Johnston, and Wilson obtained a secrc ion 
which had, when the results are averaged, 1.30 per cent soli s, • 
per cent ash, and a pH of 7.99. The rate of secretion was less t an i 

jejunal and ileal loops. 
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Stimulation of the peripheral ends of the nervi erigentes in the cat 
causes a secretion of fluid by the colon (Wright, Florey, and Jennings). 

Bacterial Action. Conditions in the small intestine of carnivores and 
of man are not favorable to extensive bacterial action. In the large 
intestine, on the other hand, the environment is such that bacteria 
multiply and act easily. They are numerous and are chiefly of the 
putrefactive or proteolytic type, attacking such protein and its split 
products as may have escaped digestion and absorption in the small 
intestine. Products of this action are indole, skatole, phenol, paracre- 
sol, volatile fatty acids, hydrogen sulfide, histamine, tyramine, and 
amino acids. 

These products may be absorbed into the portal blood and carried 
to the liver. It has long been supposed that some of them, especially 
indole, skatole, phenol, and paracresol, to the extent that they escape 
detoxication or destruction in the body, might prove toxic to the organ¬ 
ism. Yet the intestinal mucous membrane and the liver itself act as 
barriers against the extensive entrance of these substances into the 
general circulation, and it is probable that their harmful influence has 
been greatly overestimated (Alvarez, 1924). It has been shown that, 
in some people, packing the rectum with cotton can produce the clas¬ 
sical symptoms of autointoxication, the effect of the pack being due to 
reflexes from the lower bowel. The prompt relief afforded by a bowel 
movement in so-called autointoxication is probably due more to the 
mechanical effect of emptying the rectum and the consequent with¬ 
drawal of reflexes from this, in many individuals, very sensitive part of 
the bowel than to the removal of toxic substances. 

Indole, derived from bacterial action on the amino acid tryptophan, 
is detoxicated in the liver and probably elsewhere and is excreted in 
the urine. Detoxication consists in the preliminary oxidation to indoxyl, 
which is then conjugated with potassium sulfate to form indican. The 
amount of indican in the urine affords a rough index of the extent of 
intestinal putrefaction. Indoxyl may also be detoxicated by combina¬ 
tion with glucuronic acid. 

Skatole (methyl indole) behaves similarly in the organism to indole, 
though it is absorbed only in traces and is less toxic. The odor of feces 
is due chiefly to indole and skatole. 

Phenol is formed in the bowel, probably from the amino acid tyro¬ 
sine, and is eliminated to a considerable extent in the feces. A part of 
it is absorbed, and this is excreted largely unchanged in the urine, 
although some conjugation with potassium sulfate occurs in the liver 
and elsewhere in the body. The defenses of the body against phenol 
appear to be very well developed. 
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Paracresol, similar to phenol, occurs in the urine conjugated with 
potassium sulfate. 

It may be pointed out at this time that these substances, the phenols 
and indoles, arc not derived exclusively from bacterial action on pro¬ 
tein in the intestine; they are also formed in the normal metabolism 
of certain of the amino acids. Those so formed are detoxicated similarly 
to the ones derived from putrefaction in the intestine. 

LARGE INTESTINE OF HERBIVORES 

From the standpoint of digestion and absorption the large intestine 
of herbivores is of great importance. This is especially true in animals 
with simple stomachs such as solipeds, the rabbit, and the guinea pig. 
In all herbivorous mammals a digestive tract with a roomy compart¬ 
ment, somewhere in its course is necessary for the maceration, fermen¬ 
tation, and solution of the fibrous portions of the food. In ruminants 
such a compartment is provided principally in the rumen; in simple- 
stomached animals the enormous cecum and colon meet this require¬ 
ment. Cellulose digestion is not, however, the sole function of the large 
intestine in simple-stomached herbivores. The digestion of other prod¬ 
ucts occurs, some synthesis by bacteria goes on, and much absorption 

must take place. 

Form and Structure. The cecum and colon of simple-stomached 
herbivores arc relatively very capacious and are sacculated. In rumi¬ 
nants, however, they are smaller and nonsacculated. As in carnivores 
and omnivores, so in herbivores, glands arc present throughout the 

large intestine and villi are absent. 

Secretion. Very little information is available regarding the secre¬ 
tion of the large intestine of herbivores. Histological studies indicate 
that the glands arc mainly mucous. It is doubtful whether they produce 
enzymes of much consequence in digestion, the secretion proba >} 

having essentially a physical function. 

A pouch of the entire cecum of the sheep, draining to the outsi c 

through a catheter, has been found to secrete 50 to 75 ml. of juice i 
12 hours (Phaneuf). This rate of secretion was observed in a perio( 
extending from the fifty-fourth to the eighty-fifth day after the P oU 
was made. The reaction of the juice was distinctly alkaline. The seer 
tion as it dropped from the catheter in the pouch was usually c ^ ftr 
of a yellowish color. Sometimes it was mucoid and containe u 
fioccules. Apparently the juice does not contain enzymes. g 

Digestive Processes. A considerable part of the food of ^ cr 1V ® ^ 

animals, especially those possessing a simple stomach, reaches lG eg ^j ve 
intestine in a form not yet ready for absorption. Further ig e 
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changes of a chemical nature are brought about in the material by 
enzymes carried down from the small intestine, by bacteria, and pos¬ 
sibly by protozoa. The enzymes carried down with the food produce, 
in the large intestine, changes characteristic of their action elsewhere. 


Bacterial action in the large intestine affects mainly carbohydrates. 
The digestion of cellulose and other carbohydrates in the large intestine 
yields products similar to those produced by their digestion in the 
rumen, namely, lower fatty acids (p. 379). They are absorbed and 
utilized by the animal. The investigations of Elsdcn and co-workers 
show that large amounts of volatile acids occur in the cecum and colon 
of ruminants, the horse, and the pig. This indicates that much fer¬ 
mentation of carbohydrate takes place in these locations. (See also 
p. 380.) Lower fatty acids are found in significant amounts in the 
blood draining the cecum and colon of herbivores (Barcroft, McAnally, 
and Phillipson, 1944b). This indicates absorption (p. 451). 

The concentrations of volatile fatty acids in the ingesta of the 
cecum and colon of ponies with fistulas of these organs have been 
studied by Alexander. Fasting caused a decrease and feeding an in¬ 
crease in concentration; the change was less evident in the dorsal colon. 
Cellulose (cotton threads) when suspended in the different parts of 
the large intestine disintegrated most rapidly in the cecum, less rapidly 
in the ventral colon, and least rapidly in the dorsal colon. 

The fermentative activity of the flora of the large colon of the horse 
has been investigated by Alexander and co-workers. 

Bacterial synthesis of B-vitamins (p. 677) occurs in the cecum and 
colon. 

Bacterial action on protein occurs to some extent in the large in¬ 
testine of herbivores. 

The gases of the large intestine are in part expelled through the 
anus and in part absorbed into the blood and eliminated through the 
lungs. They comprise not only carbon dioxide and methane but also 
small amounts of hydrogen and oxygen as well as a considerable quan¬ 
tity of nitrogen. Washburn and Brody have made analyses of the 
gases of the large intestine of slaughtered goats. 


DIGESTIBILITY OR DIGESTION COEFFICIENT 

As here used, the term digestibility refers to the extent to which a 
food is digested. It is usually expressed as a percentage. When so ex- 

^ CSS ^ .!* is refcrrcd to as the digestion coefficient of the food. The 
digestibility of a foodstuff varies with a number of factors such as the 
nature of the food of which it is a part, the individuality of the animal 
and the species. The digestibility of the food of carnivores and of man 
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is very high; of herbivores, comparatively low, because of the large 
amount of crude fiber present in the food. When the amount of crude 
fiber in the diet is negligible, the differences in digestive capacity of 
animals with dissimilar digestive tracts (rat, guinea pig, sheep, swine, 
man) are very small (Crampton and co-workers). The way in which 
crude fiber lowers the digestibility of other foodstuffs is as follows: 
Crude fiber itself is only partially digestible even by ruminants, largely 
because of (he lack of time for its complete fermentation as it passes 
through the alimentary canal. Hence considerable amounts of food¬ 
stuffs such as starch and protein, which are intrinsically quite di¬ 
gestible, are not completely digested owing to their imprisonment in a 
cellulose covering. The failure of complete digestion of cellulose results 
therefore in a failure of complete digestion of certain intrinsically di¬ 
gestible substances, and copious feces result. 

THE FECES 

The term feces refers to the waste matter voided from the bowel 
through the anus by the act of defecation. The feces are composed of 
water; indigestible and undigested food residues; remains of digestive 
secretions such as bile acids, bile pigments, and mucin; desquamated 
epithelial cells, derived from the digestive tract; numerous bacteria, 
many of which are dead; inorganic salts in great variety, some of 
which are derived by excretion through the large intestine; indole and 
skatole, which give the feces their characteristic odor; and other sub¬ 
stances. The water content of the feces varies considerably in different 
animals as follows: sheep, G8 per cent; cow, 83 per cent; horse, 75 per 
cent; pig, 80 per cent (Stutzer). The difference in the water content of 
the feces of the sheep and the cow, both ruminants, is remarkabh 
great. The explanation probably lies in the fact that the terminal part 
of the colon is better developed in the sheep. The reaction of the feces 
of normal horses is acid and lies between pH 6.5 and 6.8 (Potting). 

From the foregoing considerations it is evident that the feces aic to 
be regarded as composed essentially of excretory products and foot 
residues. In carnivores, and in man when on a concentrated diet, t c 
amount of food residue is small, digestion and absorption being near y 
complete. The solid matter of the feces in such cases is composed, there¬ 
fore, largely of excretory products. In herbivores, and to a lesser ex en 
in swine, the feces contain large amounts of food residues an re 
tively small amounts of excretory products. The large amount o oo 
residue in the feces of these animals is explained by the high cruc e 

fiber content of their foods. , ^ 

The amount of feces varies with the amount and kind of oo a 
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is relatively much greater in herbivores than in carnivores. The daily 
amount of feces for the horse is 15 to 23 kg. The ox when fed for 
maintenance and low production eliminates 13 to 35 kg. daily; when 
fed for fattening, 40 to 45 kg. or more. Sheep produce 1 to 3 kg. Swine 
produce 0.5 to 2.5 kg., depending upon the food (Ellenberger and 
Scheunert). 

Fuller found that the average daily amount of feces produced by 
dairy cows was 59 pounds (27 kg.) per 1000 pounds of live weight. 


INTESTINAL MOVEMENTS 

1 he intestine is the seat of several kinds of movements whose func¬ 
tions are (1) to mix the ingesta with the digestive secretions, (2) to 
bring the digested products into contact with the intestinal mucous 
membrane for absorption, (3) to move the food mass from place to 
place in the bowel, (4) to expel the residue from the rectum through 
the anus, and (5) to assist in the flow of blood and lymph through the 
vessels of the intestinal wall. 

Local stretch of the gastrointestinal wall by some of the ingesta is 
the principal stimulus which starts the contractions that mix the 
ingesta or propel them to a new location. 

The flow of liquids along the alimentary canal is governed by basic 
physical laws. Intraluminal pressure gradients are necessary for the 
passage of ingesta along the digestive tract. If no difference of pressure 
exists, no movement of material will occur. Activity of the gastro¬ 
intestinal musculature provides the necessary pressure or force, but 

the ways in which this force manifests itself may differ in the transport 
of liquids and solids. 

Intestinal motility has been extensively studied in the small do¬ 
mestic mammals, both carnivorous and herbivorous, and in man 
Knowledge of the movements in swine, solipeds, and ruminants, how¬ 
ever, is relatively limited. The methods of studying intestinal move¬ 
ments are similar to the methods of studying stomach movements 
(p. In addition, special methods have been developed. 

Movements of the Small Intestine. At least the following kinds of 
motor activity are recognized in the small intestine: rhythmic seg¬ 
mentations, pendular movements, peristaltic rushes, slowly traveling 
peristaltic waves, tonus waves, tonus rings, and antiperistalsis. The 
relative importance of these different types of motility is not the same 
n ah species. For the motor activity of the muscularis mucosae, see 


uITr:, S V entati r ™ 3 type of movem ™t has been care¬ 
fully studied by Cannon (1911). It is the most common to be found in 
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the small intestine, at least of the cat and dog. A mass of food lying 
quietly in a portion of the intestine is, by constrictions at fairly regular 
intervals along the mass, suddenly cut into small ovoid pieces. These 
are then immediately cut in two by constrictions near their middle, and 
the adjacent pieces are rushed together. Other contractions follow at 
once, severing these newly formed segments, and the process is re¬ 
peated. Both muscle coats are involved in rhythmic segmentations. The 
process may be going on in several parts of the small intestine simul¬ 
taneously. Periods of segmentation frequently last for more than thirty 
minutes. The rate of segmentation in the cat is commonly as high as 
28 to 30 a minute; in the dog, 18 to 22 a minute or at other times 12 
to 14. Rhythmic segmentations are less common in the rabbit. 

The main effect of segmentations seems to be to mix the food with 
the digestive juices and to bring it into contact with the mucosa for 
absorption. The segmentations doubtless also assist in the flow of blood 
and lymph through the intestine. They contribute somewhat to the 
movement of intestinal contents along the bowel, apparently by travel¬ 


ing at a slow rate. 

Pendular ftfovements. These are common in the rabbit. They also 
occur in man, the horse, the sheep, the pig, and other animals. Pendular 
movements are in some respects similar to the rhythmic segmentations 
and are, as the name implies, swinging or swaying in type. The wall of 
the bowel seems to be pulled over the contents first in one direction and 
then in the other. This type of motor activity slowly travels down the 
bowel (Alvarez, 1918). Pendular movements when very active are 

believed to give origin to peristaltic rushes. 

Rhythmic Contractions in Isolated Segments. If small segments of 


intestine are removed from the body and suspended in warm, ox>- 
genated Locke’s solution, they will contract rhythmically, or beat, for 
a long time. Graphic records of the contractions can be obtained hv 
anchoring one end of the segment and attaching the other end by a 
thread to a light lever arranged to write on a kymograph (Fig. 98, p- 
341). The rhythmic contractions so observed and recorded are relate 
to, or are a manifestation of, the rhythmic segmentations and pendular 
movements just described ns occurring in the intact bowel. 

By using this technic it is possible to demonstrate a gradient of rates 
of rhythmic contraction in the intestine. Such a gradient has been 
demonstrated in several species (Alvarez, 1948). As regards the sma 
bowel, the most rapidly contracting segments are obtained from ie 
duodenum; the least rapidly from the ileum. The average rates as fc 
termined from four places in the small intestine of the chicken arc. 
duodenum, 10.4 beats per minute; upper ileum, 9.3; middle ileum, 
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lower ileum, 6.0 (Orr). Some of the individual results are shown 
graphically in Fig. 122. This gradient is probably one of the factors 
determining the direction of peristaltic rushes, as noted below. 

Electrical Activity in Isolated Segments. Electrical changes as¬ 
sociated with pendular contractions of isolated segments of intestine 
have been studied by Ambache. There are two types of action po¬ 
tential: (1) a slow diphasic wave which precedes the start of the 
pendular contraction by 0.5 to 1 second, and (2) a polyphasic wave 
occurring during the contraction. This wave is made up of several 


13—i— 


Kio. 122.—A gradient of 
rate of rhythmic contrac¬ 
tion in isolated segments 
of the small intestine of 
the chicken. Four seg¬ 
ments were used from 
each bird. They were ob¬ 
tained from places in the 
small intestine that were 
5, 25, SO, and 130 cm. 
from the pylorus. The 
lines connect rates of con¬ 
traction in one bird. 
'Data of II. W. Orr.) 
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diphasic spikes. The wave preceding contraction probably represents 

the discharge of a pacemaker in the intestine; the polyphasic wave 

probably means electrical activity of groups of muscle fibers contract¬ 
ing asynchronously. 

Rhythmic Contractions in Exteriorized Loops of Intestine. Loops 
of intestine in continuity with the bowel may be brought to the surface 
and permanently enclosed in tubes of skin. It is possible to prepare 
such loops at different levels of the bowel. The motor activity of the 
loops can be studied. In dogs rhythmic contractions in exteriorized loops 

~. S "! a • lntcstlne arc not common; other types of motility prevail, 
hythmic contractions, when present, occur at a constant rate in a 

given loop. There is a gradient of rates of rhythmic contraction the 
loop nearest the pylorus having the highest rate, the one at the lowest 
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level in the intestine having the lowest rate. The gradient is evident in 
the following data (averages) obtained from dogs (Douglas and 
Mann): jejunum, 6 inches below ligament of Treitz, 18.0 rhythmic 
contractions per minute; ileum, 30 inches above cecum, 13.9 contrac¬ 
tions; ileum, 25 inches above cecum, 13.8; ileum, 10 inches above 
cecum, 13.4; ileum, 4 inches above cecum, 12.5. 

Peristaltic Pushes. These are rings of contraction which rapidly 
widen posteriorly so that a considerable length of intestine becomes 
constricted; both coats of muscle are involved. Following the wave of 
contraction there is a wave of relaxation running in the same direction, 
the intestine remaining flaccid for some time after its passage. The 
peristaltic rush usually propels a column of ingesta. 

Bayliss and Starling (1899), in their classical studies on peristalsis 
in dogs, claimed that there is an area of relaxation ahead of the ring 
of contraction and that the bowel contents are pushed into this relaxed 
area. They formulated their law of the intestine on the observation 
that a stimulus at any point in the intestine caused contraction above 
and inhibition below the point. Cannon designated this local response 
as the myenteric reflex. Alvarez and Zimmermann, working with rab¬ 
bits, failed to show, by means of tracings and motion pictures, the 
presence of relaxation ahead of the peristaltic rush. Any dilatation that 
could be detected was due to distention of the intestine by the advanc¬ 
ing column of ingesta. Henderson likewise adhered to the view that 
there is no actual relaxation of the bowel ahead of the peristaltic wave. 
Other workers have failed to find evidence for the law (Alvarez, 1948). 
This so-called law of the intestine apparently has limited application. 

Bozler regards the propagation of the peristaltic waves in the 
intestine (in the dog) as “due to the continuous stimulation by the 
contents of the organ which reinforces the muscular activity on the 
oral side, particularly that of the circular muscles.” 

Alvarez (1928) has shown (in rabbits) that the length of the column 
of ingesta pushed by the wave of peristalsis is ordinarily about 36 cm., 
and its average rate of travel about 6 cm. a second. This means ordi¬ 
narily that the wave is traveling at the same rate. The farther the 
wave goes, the faster it travels. Following the passage of a peristaltic 
wave, the bowel may remain contracted for 10 to 25 seconds, during 
which time the rush is still in progress and the head of the column o 
ingesta advances 60 to 150 cm. Some rabbits show several rushes an 

hour; other only a few during a day. 

The effect of the peristaltic rush is usually to carry ingesta down 
the bowel, but Alvarez and Mahoney (Alvarez, 1928) have shown t a 
at times there may be no relation between the wave of peristalsis m 
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the muscular wall of the bowel and the movement of ingesta inside the 
tube. Usually the wave carries ingesta ahead of it, but at times it 
passes on over its load, leaving the load behind. Liquids may pass 
along the bowel for considerable distances in the absence of rushes. 
Other muscular activity of the bowel supplies the force. 

The intestine is polarized. It transmits its contents more readily 
caudad than orad. The normal direction of the peristaltic rush is down 
the intestine. Probably the best explanation of the polarity of the 
bowel is found in the gradients that exist in its wall Some of the 
activities of the intestine that have been shown to be graded are rate 
of rhythmic contraction, tone, irritability, and latent period. Graphic 
representations of two of these gradients are shown in Figs. 122 and 
123. Some of these gradients are probably dependent upon an under¬ 
lying gradient of metabolism in the wall of the intestine, the upper part 


Fio. 123.—A gradient of irritability in the small 
intestine of the rabbit. Ordinates represent the 
threshold for faradic stimulation as measured 
by the distance between the primary and sec¬ 
ondary' coils of an inductorium. The greater the 
irritability, that is, the lower the threshold, the 
greater is the coil distance. Abscissa represents 
four different regions in the small intestine. 
The lines connect readings in one animal. 
(From Dukes, Proceedings of the Society for 
Experimental Biology and Medicine, 1929, 27.) 



of the intestine having a higher metabolic rate than the lower (Alvarez 

and Starkweather). Other chemical gradients have been found in the 

mucous membrane, and gradients of structure also exist (Alvarez, 
1948) # 

Peristaltic rushes can begin anywhere in the bowel and can run 
short or long distances down the bowel. According to Alvarez, about 

55 Pf c . cnt rabbit) start in the duodenum about the time a 

peristaltic w-ave in the stomach reaches the pylorus. Emptying of 
stomach contents into the duodenum is not necessary to start a rush 
According to Henderson, slight increases in pressure in the bowel mav 
be enough to start a wave of peristalsis. Distention caused bv the 
presence of ingesta in the bowel is the usual way of giving rise to a 
nish Most of the rushes in the small intestine of the rabbit disappear 
m tl, e ileum; some may go on to the colon, frequently giving rise to 
contractions of the cecum as they pass. Those that stop in the ileum 
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either fade out or are stopped by strong contractions or rises of tonus. 
Alvarez regards the stopping of rushes as one of the important func¬ 
tions of the ileocecal sphincter and of the slight rise in the gradient 
just before the sphincter is reached. That many of the rushes are 
stopped is fortunate; otherwise diarrhea would be very common. 

Slowly Traveling Peristaltic Waves. These have been observed par¬ 
ticularly in dogs. They travel slowly, only about 1.5 cm. a minute. 
Not a great deal is known about them. They are propulsive contrac¬ 
tions. 

Tonus Waves. These are slow changes in the length of the muscle 
fibers of the intestinal wall. They may exist alone or may show super¬ 
imposed rhythmic contractions. Both muscle coats of the bowel may 
be involved. Tonus waves appear to be involved in starting and stop¬ 
ping rushes but do not seem to travel along the bowel (Alvarez). 

Tonus Rings. These are strong local contractions of the circular 
musculature of the intestine. They often appear to be concerned in 
stopping peristaltic rushes. They may pulsate. 

Antiperistalsis. Peristalsis in the oral direction has been designated 
as antipcristalsis or reverse peristalsis. This movement, formerly 
thought to be limited to the large intestine and to the stomach in 
vomiting, is now believed to be possible practically anywhere in the 
gastrointestinal tract. It is of course neither so widespread nor so 
powerful as peristalsis in the aboral direction, otherwise food would 
not go down the bowel. To what extent it is a normal feature in the 
small intestine is uncertain, but that it can occur is undoubted. Its 
usefulness may be to delay the movement of food down the bowel, to 
ensure adequate mixing of the food with the digestive secretions, and 
to make possible the regurgitation of duodenal contents into the stom¬ 
ach. Reverse peristalsis may occur in certain gastrointestinal disorders. 

Movements of the Large Intestine. The movements of the large 
intestine are, generally speaking, more sluggish than those of the small. 
This is in keeping with its function as a reservoir for fecal matter or as 
a place for prolonged bacterial attack on cellulose and other sub¬ 
stances. Nevertheless, the contractions at times may be very power¬ 
ful. Thus effective propulsion is brought about. 

Colon. The colon shows at least three kinds of motor activity. 
peristalsis, reverse peristalsis, and contractions of the haustra, or 
sacculations. Peristalsis may occur anywhere in the colon. The * T1 °' ,e 
ments travel at a lower rate and cover less distance than do the simi ar 
movements of the small intestine. They serve to carry ingesta own 
the colon. They have been studied in carnivores, omnivores, and cr 1 
vores by Elliott and Barclay-Smith. 
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Reverse peristalsis is described as a normal feature of colonic move¬ 
ments in many animals (Elliott and Barclay-Smith; Cannon, 1911; 
Currie and Henderson). It has been seen in the cat, dog, rat, and guinea 
pig, and to some extent in the rabbit, hedgehog, and ferret. Alvarez 
failed to see it in the rabbit, and regards it as of unusual occurrence in 
man. These reverse waves, traveling over the proximal part of the 
colon, recur rhythmically about six times a minute and are said, in 
the rat and guinea pig, to force material into the cecum. Contraction 
of the cecum then forces the ingesta back into the colon. This to-and- 
fro movement of the ingesta is continued for a while and disappears 
when antiperistalsis ceases. In this region of shuttlelike movement of 
ingesta rapid absorption occurs. 

The large intestine of nonruminant herbivores and of omnivores 
is sacculated, whereas that of carnivores and of ruminants is not. These 
sacculations are the seat of active contractions, easily and strikingly 
seen in the rabbit and the guinea pig. They resemble somewhat the 
pendular movements of the small intestine. 

Cecum. The cecum is an organ of small size in carnivores and man, 
although in herbivores possessing a simple stomach (horse, rabbit, 
guinea pig) it attains enormous development. The most important 
function of the cecum of herbivores appears to be that of a reservoir 
in which cellulose and other food constituents can soak and undergo 
bacterial fermentation. In harmony with this function, cecal movements 
are often sluggish. Nevertheless at times they may be powerful. These 
movements are not of the same type in all animals. In the omnivorous 
rat alternate contractions of the cecum and antiperistalsis of the proxi¬ 
mal colon move the contents back and forth, thus facilitating mixing 
and absorption. In the herbivorous guinea pig the process is somewhat 
different. Material passes into the cecum from the ileum distending it; 
then there occurs a partial emptying of the cecum into the colon by a 
contraction of the three longitudinal bands of the former. Now anti- 
peristalsis of the colon forces material back into the cecum and this 
“give and take” between cecum and colon continues for a while (Elliott 
and Barclay-Smith). In the rabbit cecal contractions are often sluggish 
and there is little tendency for rhythmic contractions in bits of excised 
muscle. There is not much co-ordination between the movements of 
different portions; waves may run simultaneously toward the apex and 
the base (Alvarez and Starkweather, Alvarez and Zimmermann). 

INTESTINAL MOTILITY IN THE HORSE 

Observations on intestinal motility in horses have been made bv 
Dukes and Sampson (1936). The animals were anesthetized with chloro- 
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form, or were submitted to spinal transection and brain destruction, 
following which artificial respiration was used. The abdomen was then 
opened and the movements were studied. Moving picture records were 
made. In the small intestine rhythmic segmentations and pendular 
movements were common. Their frequency appeared to be less than in 
small animals. No peristaltic rushes or wavelets were seen. Throughout 
the large intestine vigorous contractions of the haustra were noted. 
Propulsion was at times evident in the large intestine. 

Motor activity of the ileum of ponies has been studied by means 
of Biebl (exteriorized) loops and a Thiry-Vella fistula (Alexander). 
The Biebl loop in the recently fed animal showed slow contractions 
intermingled with faster rhythmic ones. The latter contractions pre¬ 
dominated in the fasting animal. Only rhythmic contractions were 
seen in the Thiry-Vclla fistula. Adrenaline inhibited and carbamyl- 
choline usually increased ileal contractions. Posterior pituitary extract 
diminished contractions and caused a decrease in ileal temperature 
(measured with thermocouples and a galvanometer), doubtless by 
causing a decrease in blood flow. There probably was a close relation¬ 
ship between the decreased blood flow and the decreased motility. 
Alexander also studied contractions of isolated strips of horse ileum 
and of perfused horse ileum. 

Motility of the cecum has been investigated by means of a perma¬ 
nent cecal fistula (Howell and Cupps). The basic motility pattern of 
the cecum could be divided into three types: large sharp contractions 
which apparently were peristaltic, smaller ones apparently of a local 
nature, and tonus changes. The large contractions traveled from the 
base of the cecum to the apex and from the apex to the base. Some 
waves did not traverse the entire length of the cecum. 

The number of large contractions per hour (recorded at the base 
and the apex) ranged from 30 to 71, and the duration of contractions 
ranged from 0.3 to 9.8 seconds. For the first six hours after feeding 
the frequency at the base averaged 41 contractions per hour and for 
the next six hours 33 contractions per hour. At the apex the average 
frequencies during the same two periods were 50 and 43 per hour. 
Water drinking caused the frequency of contractions to increase. The 
speed at which the large contractions traveled along the cecum was 
4 to 30 cm. per second, with an average of 8 cm. At times the cccum 

seemed to contract simultaneously in all parts. # 

The smaller contractions were increased in frequency when inges a 
were in the cecum. There seemed to be no relationship between t ie 
small contractions at the base and at the apex. These probably vere 
haustral contractions. 
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The presence of food or water in the stomach seemed to cause a 
reflex emptying of the cecum into the colon. By the use of tracers it 
was found that food appeared at the fistula about IV 2 hours after the 
animal ate. By the end of the sixth hour most of the food consumed 
at one time had passed through the cecum. Water entered the cecum 
very quickly. In six 5-minute periods after the horse drank 7.8 gallons 
of water, the following amounts of liquid leaked out of the fistula: 
93 ml., 1058 ml., 2400 ml., 3G00 ml., 4500 ml., and 485 ml. 

Motility of the cecum and colon of ponies has been examined by 
means of cannulas placed in these organs (Alexander). Three types of 
contraction were recognized: large contractions, smaller ones of higher 
frequency, and changes of tonus. Fasting caused movements of the 
cecum and ventral colon to diminish, but those of the dorsal colon were 
not much affected. Antiperistalsis was not detected by use of carbon 
granules as tracers. Adrenaline inhibited the contractions and car- 
baraylcholine increased their frequency. 

Motility of the duodenum and cecum (as well as of the stomach— 
p. 342) of Equidae has been studied by Brunaud and Dussardier in 
anesthetized subjects. Balloons were inserted into the different regions 
of the digestive tract and kymographic records were made. Most of 
the subjects showed duodenal motility. The tracings were interpreted 
as indicating the occurrence of peristaltic rushes, pendular movements, 
and tonus changes. Cecal motility was evident in more than half of the 
subjects. The records showed strong contractions, presumably due to 
general contractions of the organ, and tonus waves with superimposed 
contractions, probably related to activity of the sacculations. The 
action of arecoline on the gastrointestinal tract was also studied. 

INTESTINAL MOTILITY IN RUMINANTS 

A report on intestinal motility in sheep has been made by Dukes 
and Sampson (1937). The animal to be studied was anesthetized, 
usually with chloral hydrate, and the abdomen opened. The animal was 
then transferred to a large tank containing warm physiological saline 
solution, or the open abdomen was filled with warm paraffin oil. Intes¬ 
tinal motility (as well as motility of the stomach) was studied. Moving 
picture records were made. 

In the small intestine rhythmic segmentations, pendular movements, 
and peristaltic rushes were seen. At times the rushes followed one 
another in quick succession. The distance traveled and the speed of 
the rushes appeared to be less than in the rabbit. Peristaltic wavelets 
were observed in the upper part of the duodenum. For considerable 
periods of time the small intestine would be relatively quiet. 
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The cecum often showed powerful propulsive movements. Reverse 
waves were also noted. The cecum of ruminants is relatively small and 
its musculature is powerful. In the sheep it appears to act in large part 
as a propulsor driving the ingesta through the colon, the spiral part 
of which seems to offer a good deal of resistance to their passage. 

V igorous motility was commonly seen in the colon. The proximal 
part, extending from the cecum to the spiral (intermediate) part, 
showed powerful peristaltic waves and also reverse peristalsis. There 
was evidence of give and take between the cecum and this part of the 
colon. I he spiral part showed rhythmic swaying movements, a type 
of motility that looked like rhythmic segmentation, and rushes. The 
formation of fecal pellets begins in this region. This part is probably 
active in water absorption and appears to offer resistance to the passage 
of ingesta through it. 

On the basis of the observations made on the cecum in this study, 
the view was expressed that the great motor activity and small size 
of the cecum of the sheep would prevent any considerable amount of 
bacterial action in it. However, ingesta collected from the cecum and 
initial part of the colon (considered as a unit) of ruminants, including 
sheep, show the presence of large amounts of volatile acids (Elsden and 
co-workers). Evidently, then, fermentation in this part of the large 
intestine of ruminants is important. See also p. 380. 

Cecal motility in the sheep has been studied by recording the pres¬ 
sure changes caused by contractions of a large pouch made of the 
cecum (Phaneuf). The pouch was closed except for a Pezzer catheter 
draining to the outside. The catheter was connected to a recording 
tambour. Three types of motility were observed by this method: (1) 
slow tonus changes, positive and negative, occurring in an otherwise 
quiet cecum; (2) slow contractions of increasing amplitude and rhyth- 
micity leading to (3) strong rhythmic contractions, with smaller 
changes of pressure in between. Cecal motility was not influenced 
by rumination, rumen motility, and the feeding of hay. Atropine and 
adrenaline abolished all movements for a time. Arecoline stimulated 
motility. A tracing of the third type of motility is shown in Fig. 124. 

No change was observed in the general health of sheep from whose 
digestive tract the cecum had been removed and made into a pouch. 

Motility of the large intestine of the goat has been studied by 
Sporri and Asher. A contrast medium was introduced into the large in¬ 
testine through a cccal cannula and the motility was studied by means' 
of the roentgen ray. The cecum and initial part of the colon showed 
mainly peristalsis and antiperistalsis. In the spiral part peristaltic 
waves and rhythmic segmentations were present. The passage of ingesta 
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in the terminal part of the colon was slow. Pellet formation began in 
the caudal part of the spiral and was continued into the terminal part 
of the colon. The contrast medium was observed to pass through the 
ileocecal valve into the ileum. Water absorption occurred especially in 
the spiral part of the colon. 



Fig. 124. — Top tracing, Rumen motility recorded by a tambour connected to a 
needle cannula inserted into the rumen. Lower tracing, Cecal motility recorded 
from a large pouch of the cecum into which a Pezzer catheter had been perma¬ 
nently placed. The movements of the tambour lever were calibrated in mm. 
ILO. Hay was fed in the interval between the marks on the signal line. Cecal motil¬ 
ity was unaffected, but the frequency of rumen contractions was increased. In 
various experiments the frequency of this type of cecal contraction was 6 to 15 per 
10 minutes. Pressure changes greater than 300 mm. ILO and as low as —30 mm. 
ILO were observed. (From Phaneuf, Studies on the Motor and Secretory Activity 
of the Cecum and Small Intestine of the Sheep, thesis, Cornell, 1952.) 


These observations indicate that motor activity of the large in¬ 
testine of the goat is similar to that occurring in the large intestine of 
the sheep. 

Motility of the cecum and spiral part of the colon has been ob¬ 
served in a laparotoinized calf. Both parts of the intestine were very 
active. In the cecum waves traveled in both directions. The motor 
activity resembled that seen in the sheep. 


INTESTINAL MOTILITY IN THE PIG 

Studies of the motility of the stomach (p. 343) and intestine in 
young swine (3 to 5 months old) have been made by Neimeier. A con¬ 
trast medium was fed and the movements were studied by means of 
the roentgen ray. The motor activity of the duodenum is related to that 
of the stomach. During the first hour after feeding the duodenum was 
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very active, 5 to 8 boluses a minute passing along. After about an hour 
there was a period of diminished activity lasting about half an hour. 
Then greater activity began again. Ingesta quickly reached the jejunum 
and it filled rapidly, but the progress of ingesta through it was much 
slower than in the duodenum. One and a quarter to two hours after 
feeding, the jejunum showed definite motor activity and usually was 
empty 6 to 10 hours later. Among the movements observed in the 
jejunum were pendular movements, rhythmic segmentations, a to- 
and-fro movement of the entire contents of the jejunum, large peri¬ 
staltic waves that drove the contents before them with great velocity, 
and smaller peristaltic waves. Motility of the ileum varied in an irregu¬ 
lar manner. In some instances the ileocecal sphincter stopped the in¬ 
gesta, but in others they passed without pause into the colon. Ileal 
motility diminished about 5 hours after feeding. In most instances the 
contents of the ileum entered the cecum, but in some cases the colon 
received the ingesta first and the cecum was filled next. As a rule the 
colon received its contents from the cecum. A to-and-fro movement 
of ingesta between the cecum and colon as occurs in ruminants was 
believed not to occur in the pig. Cecal motility diminished 6 to 8 hours 
after feeding. Some 14 to 16 hours after feeding, balls of feces began 
to leave the colon. They moved along slowly and irregularly and finally 
formed a coherent mass of feces. 

In roentgen-ray studies of the movements of the colon of the pig 
Trautmann and Asher noted pendular, bending, and tonic contractions 
of the individual portions of the spiral, and peristaltic waves in the 
colon generally. In the terminal portion of the colon only peristaltic 
waves were seen. No antiperistalsis was observed anywhere in the colon. 

NERVOUS CONTROL OF INTESTINAL MOVEMENTS 

Intrinsic Nervous Mechanism. The movements of the intestine 
are, like those of the stomach, automatic. That this is tme is readily 
shown by cutting all nerves to the bowel, whereupon the movements 
continue. The proof may be made more convincing by excising a piece 
of intestine and placing it in warm oxygenated Locke’s solution, where 
upon its motor activity continues. As with all automatic muscu ar 
organs, so with the intestine, there arises the question whether tie 
movements are myogenic or neurogenic. The rhythmic movements arc, 
in the light of present knowledge, to be regarded as myogenic. ’ c y 
continue when the intrinsic nerve mechanism of the intestine is b oc e 
by nicotine or cocaine (Bayliss and Starling, 1899), and bits o ^ 
testine entirely freed of nerve plexuses will beat when suspen c< 1 
oxygenated Tyrode’s solution (Gasser). The rhythmic antiperis a 
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movements of the colon are not stopped by nicotine (Elliott and 
Barclay-Smith) and are therefore probably myogenic. In fact, all 
muscular rhythm in the stomach, intestine, and elsewhere is probably 
myogenic in nature (Alvarez, 1948). As regards the true peristaltic 
movements, these are known to be abolished by nicotine injections or 
cocaine applications, either of which is believed to block transmission 
in the plexuses in the wall of the gut. From this it appears that peri¬ 
stalsis is dependent on the nervous tissue present in the wall of the 
bowel. Stomach peristalsis and colonic antiperistalsis, both rhythmic 
movements, are not dependent on nerve plexuses for their propagation. 
The excitation seems to travel from muscle cell to muscle cell without 
the intermediation of a nerve mechanism, for the movements continue 
after nicotine injection or cocaine application. 

The myenteric reflex (in the dog) has recently been studied by 
Bozler, and the activity of isolated intestinal segments lacking one or 
both plexuses (in the cat) has been investigated by Klinge. A repoit 
on the action of several autonomic blocking agents on motility of the 
small intestine (of the dog) has been made by Nortlmp, Stickney, 
and Van Liere. 

Extrinsic Nerves of the Small Intestine. The musculature of the 
small intestine receives innervation through the vagi and the splanchnic 
nerves. The vagi are chiefly motor, stimulation resulting in an increase 
of tonus and of rhythmic movements. Preceding the motor effect, how¬ 
ever, there is a brief inhibitory phase. Splanchnic stimulation results 
mainly in inhibition of movements of the small intestine, though motor 
effects may be seen. Cannon expressed the belief that the two sets of 
nerves are in a state of tone. It is probable that the tone is maintained, 
at least in part, through reflex action. Degenerative section of the vagi 
and splanchnic nerves docs not change the rate of rhythmic contraction 
in the small intestine of the dog (Douglas and Mann). The vagus 
nerves to the small intestine appear to be cholinergic. The sympathetic 
nerves probably are adrenergic. 

Extrinsic Nerves of the Large Intestine. The vagus nerves are 
believed to have some effect on the proximal part of the colon. In the 
sheep vagus stimulation will cause increased motor activity of the 
large intestine at least as far back as the spiral part of the colon. 
However, the principal parasympathetic nerve supply of the large in¬ 
testine (at least in carnivores) comes from fibers derived from the 
ventral roots of the second and third sacral nerves. These preganglionic 
fibers unite, on each side, to form the pelvic nerve (nervus erigens), 
which supplies motor innervation to the large intestine and bladder. 
The preganglionic fibers terminate around nerve cells located on the 
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bladder and rectum. From these cells postganglionic fibers arise. The 
large intestine receives also a sympathetic innervation, comparable to 
that of the small. The nerves are derived from the ventral roots of the 
lumbar cord and run as preganglionic fibers to the posterior mesenteric 
ganglia, where they terminate synaptically. From nerve cells in these 
ganglia postganglionic fibers arise to form the hypogastric nerves. 
These nerves are usually stated to be inhibitory to the large intestine 
except the internal sphincter of the anus. Motor responses of the colon 
to stimulation of its sympathetic nerves have been reported, however, 
by a number of investigators (Wells and co-workers). The parasym¬ 
pathetic nerves to the musculature of the colon are cholinergic, the 
sympathetics adrenergic. 

Both sets of nerves to the large intestine—the pelvic nerve and the 
sympathetic—contain afferent fibers. In fact, one-third of the fibers of 
the pelvic nerve are afferent (Langley and Anderson). Their cells of 
origin are located in the dorsal root ganglia. 

The books by Kuntz, Alvarez, Gaskell, Cannon, and the review of 
Garry contain full accounts of the innervation of the intestine. 

RATE OF PASSAGE OF FOOD RESIDUES 

The rate of passage of food residues through the alimentary ca¬ 
nal has been studied principally by the use of markers such ns glass 
beads or of dyes given with the food or just after feeding. Alvarez 
and Friedlandcr (Alvarez, 1928) showed that men to whom beads 
had been given excreted 70 per cent of the beads in 72 hours, another 
10 per cent at the end of 9G hours, anti another 4 per cent at the end 
of 120 hours. Elliott and Barclay-Smith found that rabbits excreted, 
on the average, 20 per cent of beads in 24 hours, though in some casc> 
they excreted as much as 50 or even 70 per cent in 24 hours. Fish fed 
Sudan III to men and animals and determined the minimum time 
necessary for the appearance of the dye in the feces. Ilis results are. 
man, 15 to 25 hours; cow, 10 to 17 hours; goat, 14 to 17 hours. Using 
boneblaek as an indicator, Guernsey and Evvard found that the a\er 
age time required for the passage of food residues through the digcsti'e 
tract of light hogs was 54 hours and of heavy hogs 42 hours. 

Alexander used carbon granules mixed with the feed as the indica 
tor in a study of the rate of passage of food residues through tic 
alimentary canal of horses. On the average the granules appeared in 
the feces at 22.6 hours after feeding and continued to appear up ° 
47.4 hours. As a part of a radiological investigation of the alimentary 
tract of the foal, Alexander and Benzie observed the rate of progress 
of a barium meal through the different parts of the tract. 
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For the rate of passage of food residues in ruminants, see p. 364. 
Reviews by Lenkeit and by McAnally and Phillipson (1944) con¬ 
tain additional data on the rate of passage of food residues in farm 
animals. 


DEFECATION 

Defecation is a complex reflex act whereby the feces are expelled 
through the anus. The act is usually aided, and may also he inhibited, 
by the contraction of certain voluntary muscles. From roentgen-ray 
studies made on man (Hurst) and the cat (Cannon, 1911) during 
defecation it appears that the whole colon takes part in the act, some 
of its contents being forced into the rectum. In herbivores it seems 
certain that colonic activity cannot be so extensive. The emptying of 
the rectum through the relaxed anal sphincters is now accomplished 
by the combined contraction of its own wall and of the abdominal 
muscles. As a result of the contraction of the abdominal muscles with a 
closed glottis, intra-abdominal pressure (in man) may be raised to as 
much as 100 to 200 mm. Hg. In man the desire to defecate is associ¬ 
ated with the entry of feces into the rectum. 

Vigorous horses defecate 5 to 12 times daily; weaker ones more 
often. Cattle usually defecate more often than horses; dairy cattle, 10 
to 24 times daily. When fed meat, carnivores defecate only 2 or 3 
times daily; when fed mixed food, more often. 

Nervous Control of Defecation. Feces in the rectum stimulate 
sensory nerve endings in the anal region, thus arousing the desire to 
defecate and starting the chain of reflexes involved. The afferent nerve 
fibers, in the dog, enter the central nervous system in the dorsal roots 
of the sacral nerves. Nerve centers controlling the sphincters are found 
in the lumbosacral cord; and the colon and rectum, although possess¬ 
ing a high degree of automaticity, are made to contract more power¬ 
fully during defecation by the arrival of impulses from the centra'! 
nervous system. Nevertheless, defecation may in time take place nor¬ 
mally following destruction of the spinal cord, even the sphincters 
regaining their tone. Hatcher and Weiss found a defecation center in 
the floor of the fourth ventricle close to the vomiting center. Applica¬ 
tion of small doses of picrotoxin to this point caused dogs to defecate. 



Chapter XVII 


DIGESTION IN THE CHICKEN 


I TIK digestive organs of the chicken are obviously different in sev- 
X eral respects from those of mammals. In the chicken teeth are 
absent, a well-developed crop and gizzard are present, the cecum is 
double, and a colon is lacking. Such anatomical differences signify dif¬ 
ferences in the digestive processes. However, the exact nature of the 
physiological differences is not known in all instances. 

The coefficients of digestion of the foodstuffs (Jull), with the ex¬ 
ception of cellulose, are about as high in the domestic fowl as in 
Herbivora. 

Scheunert and Krzywanek, Mangold, and Sturkie have reviewed 
the physiology of digestion in birds. The older review of Brown is an 
important contribution. A review and study of the microorganisms 
normally occurring in the intestinal tract of chickens has been made 
by Shapiro and Sarles. 

DIGESTION IN THE MOUTH 

The method of prehension of food by the chicken is too well known 
to require description. I he beak is the main prehensile structure. Food 
is retained in the mouth for only a short time. 

A complex system of salivary glands is present in the chicken; they 
arc branched tubular glands (Calhoun). The saliva of the hen has been 
studied by Leasure and Link. The amount secreted by the mature fast¬ 
ing hen in 24 hours varies from 7 to 25 ml., the average being 12 ml. 
The color of the saliva is milky gray to clear, the odor somewhat putrid. 
The reaction is nearly always acid, the average being pH 6.75. Salivary 
amylase is always present. A small amount of lipase is also found. 

True salivary glands arc said to be present in the goose. They arc 
under reflex nervous control and produce a secretion rich in mucin and 
strongly amylolytic (Nikovlina). 

DEGLUTITION 

The esophagus of the fowl is wide and dilatable, thus serving to 
accommodate the bulky, unmasticated food. It terminates in the glan- 
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dular stomach (proventriculus). Near the thoracic inlet the esophagus 
widens into the crop. In structure the esophagus of the chicken is simi¬ 
lar to that of mammals. The tunica propria contains large mucous 
glands (Calhoun). 

After a brief sojourn in the mouth the food is swallowed. The act 
of deglutition in birds differs in some respects from that in mammals. 
Because of the structure of the floor of the mouth it is impossible for 
the first phase of swallowing to receive the muscular aid that it does in 
mammals. The bolus, therefore, instead of being pushed into the 
pharynx by a contraction of the mylohyoid and other muscles, is pro¬ 
pelled backward mainly by raising the head and giving it a quick 
forward thrust. Thus the inertia of the bolus assists the bird in ingest¬ 
ing it. The esophageal phase of swallowing has been studied in the 
goose by Cannon and Moser, using the roentgen ray. These investiga¬ 
tors found that the food, regardless of its consistency, was carried down 
the esophagus by peristalsis alone at an average rate of about 1.5 cm. 
per second. There was no evidence of squirting or shooting of food 
down the esophagus, as occurs with liquid or semiliquid food in some 
mammals. 

Hainan has described swallowing in the fowl, especially the esopha¬ 
geal events and the filling of the gizzard and the crop. The studies 
were made by use of the roentgen ray. After a fast the food first 
swallowed by-passes the crop and goes directly to the gizzard. Also 
during an ordinary meal some direct passage to the gizzard may 
occur. 

The chicken depends on gravity to assist in getting water into the 

pharynx for swallowing, whereas the pigeon can swallow water without 
raising the head. 

The decorticate pigeon will not eat or drink spontaneously but 
will swallow water or food placed in the mouth. 

DIGESTION IN THE CROP 

The crop in the chicken is well developed. It presents only a few 
mucous glands, although their secretion is fairly profuse (Browne). 
According to Shaw and to Schwarz and Teller, no enzymes are secreted 
in the crop. On the other hand, the work of Hamilton and Card, Hamil¬ 
ton and Mitchell, and Plimmer and Rosedale shows that lactase is 
present in the wall of the crop and that it is probably concerned in 
lactose digestion. Whether the enzyme is an endo-enzvme or whether 
it is actually secreted into the cavity of the crop was not determined. 
The last-mentioned workers found an amylase in the wall of the crop, 
but the demonstration of an amylolytic enzyme in extracts of a diges- 



430 


PHYSIOLOGY OF DOMESTIC ANIMALS 


hve organ does not prove that the enzyme is of digestive significance. 

It may he piesent in the tissue merely because of its presence in blood 
and tissue fluid. 

The crop of the pigeon contains glands which secrete “crop milk.” 
Phis secretion shows the presence of a large amount of protein and fat. 
The enzymes amylase and sucrase are present. 

I he main function of the crop appears to he that of a reservoir for 
holding, moistening, and macerating the food prior to its passage into 
the pio\entriculus. As noted above, however, some food may pass to 
the gizzard without stopping in the crop. Some bacterial action on food 
carbohydrates probably occurs in the crop, and digestion of starch by 
salivary amylase is presumed to take place. The moisture content of 
crop ingesta is indefinitely variable and seems to show no relation to 
the kind of food consumed or to the interval after eating (Keith, Card, 
and Mitchell). No absorption of such simple substances as water, 
sodium chloride, and glucose occurs in the crop (Schwarz and Teller). 

I he work of Leasure and Foltz indicates that botulinus toxin is not 
absorbed from the crop of the chicken. 

I he reaction of the contents of the crop is always acid. The work 
of Olson and Mann and of Mayhcw indicates that the average reaction 
is approximately pH 5. 

The length of time food remains in the crop has been studied by sev¬ 
eral workers. Steinmetzer withheld food from chickens for 24 hours 
and, using the roentgen ray, followed the progress of pills composed 
of oatmeal, barium sulfate, and water through the alimentary canal. 

1 he average length of time the food remained in the crop was two 
hours. 


Keith, Card, and Mitchell withheld food from hens and later fed 
them whole corn, ground corn, or ground corn and a protein concen¬ 
trate (tankage). They found that whole corn left the crop at the end 
of 12 to 15 hours; that ground corn left more gradually, a much longer 
time being required for the crop to empty itself; and that ground corn 
and tankage left more slowly than whole corn, but more rapidly than 
ground corn alone. 

Heuscr studied the rate of passage of ingesta from the crop of the 
hen. Food was withheld from the birds for a time, after which they were 
fed. No additional food was given during the experiment. Birds were 
killed every four hours and the contents of the crop weighed. The re¬ 
sults showed that oats were retained in the crop for a longer time than 
corn or wheat. The rate of passage of food from the crop was influenced 
hv the amount fed. Whole corn remained in the crop longer than 
cracked com, and the later remained longer than corn meal. Wet mash 



DIGESTION IN THE CHICKEN 


43? 


passed from the crop more quickly than dry mash. When grains were 
fed, the crop contained little or no food after a fast of 24 hours. 

The crop of a hen fed in the ordinary way is usually empty after 
an overnight fast. 

Movements of the Crop; Hunger Contractions. The crop presents 
two main kinds of movements, those that have to do with forcing 
ingesta into the proventriculus and those associated with hunger. 

Browne found that if the foods were of the same consistency little 
or no mixing occurred in the crop. If two foods of equal consistency 
were fed, they left the crop in the order consumed; hut if the foods 
were of different consistency, the softer food left first. 

Patterson (192G-27) studied crop movements in pigeons by making 
a fistula into the organ, inserting a rubber balloon, and connecting it 
with a recorder arranged to write on a kymograph. He found that the 
movements of the filled crop were shallower and less rhythmic than 
those of the empty viseus. 

Observations on crop movements have been made by Ashcraft. Wide 
variations were found in the type of motility. 

The crop is an important seat of hunger contractions. A number 
of observations go to show that hunger returns shortly after eating. 
Browne expressed the opinion that it returns as soon as there is any 
accommodation in the crop for food. Patterson, using decerebrate 
pigeons, found that hunger contractions began 30 to 45 minutes after 
eating, gradually increasing in frequency and vigor until in 5 or 6 
hours they occurred in groups of 6 to 12 or more, separated by intervals 
of comparative rest of the crop. Rogers, using both normal and decere¬ 
brate pigeons in a study of the hunger mechanism, found that restless¬ 
ness appeared before the crop was completely empty. Lack of water 
when the crop was filled with dry food caused restlessness. When the 
crop was well distended with food, only occasional contractions could 
be detected by the balloon method. An hour or two after eating, peri¬ 
odic groups of contractions (hunger contractions) began. These gradu¬ 
ally became augmented, and in some birds crop motility was very 
marked many hours (9 to 14 or more) after eating. 

It appears, therefore, that hunger contractions of the crop of birds 
are comparable to those of the stomach of mammals. The contractions 
begin, however, when there is relatively more food in the crop of birds 
than in the stomach of mammals, at least of man and the dog. The 
proventriculus and gizzard show very active motility during hunger 
(Ashcraft). 

Reactions of the crop muscles of the pigeon and *heir innervation 
have been studied by Hanzlik and Butt. 
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PROVENTRICULUS 


The proventriculus is a small, fusiform, glandular organ situated 
anterior to the gizzard. It communicates with the esophagus anteriorly 
and with the gizzard posteriorly. The glands of the proventriculus 
secrete gastric juice. They are described as branched tubular glands. 
Cells comparable to the parietal cells of mammals are absent from the 
proventricular glands. A single type of secretory cell is found (Fried¬ 
man). 

Secretion of Gastric Juice. Gastric juice has been obtained from 
the chicken by puncture of the gizzard with a small trocar and cannula 
(Collip). Because of the small size of the proventriculus its secretion 
quickly passes into the gizzard. The juice was collected by aspiration 
with a syringe attached to the cannula. Secretion was stimulated by 
intramuscular injection of certain tissue extracts or by sham-feeding 
birds having esophageal fistulas. 

Friedman eannulated the proventriculus in acute experiments in 
pigeons and chickens and made observations on the secretion of gastric 
juice. The secretion was intermittent. The secretion of acid and of 
pepsin was found to be controlled by the parasympathetic nerves. 
Histamine injections caured an increased secretion of hydrochloric 
acid but not of pepsin. The concentration of pepsin was found to be 
higher in the gastric juice of the chicken than of the pigeon. 

Histamine injection increases the volume and the acidity of gastric 
juice secreted by the chicken. Chickens with gastric ulcers (gizzard 

erosions) have hyperacidity (Cheney). 

From geese with divided esophagus and gastric fistula Karpov ob¬ 


tained pure gastric juice by sham-feeding. 

Keeton, Koch, and Luckhardt showed that in the duck intrarmiscu- 
lar injections of “erastrin” cause increased secretion of gastric juice. 

Experiments such as these indicate that the gastric juice of birds is 
similar to that of mammals. Pepsin and hydrochloric acid are present. 

The same experiments suggest that the regulation of the secretion 
of gastric juice in birds is comparable to that in mammals. Cephalic 
secretion appears to be present, in birds. Nervous stimuli via the para 
sympathetic nerves are effective in exciting the gastric glands. Ilumora 

stimulation is undoubtedly present. # , 

Place of Action of Gastric Juice. Because of the small size o t e 
cavity of the proventriculus food cannot remain long in that location. 
Therefore the amount of gastric digestion taking place there mus c 
slight. Moreover, Browne points out that the relatively dry nature o 
the gizzard contents makes it improbable that enzymic action goes 
on in that organ, all of which points to the duodenum as the pro a 
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scat of the main action of gastric juice. This view is strengthened by 
the fact that the reaction in the duodenum is nearly always acid and 
that the pancreatic juice and bile enter the duodenum not near its origin 
but at its posterior extremity. 

Movements of the Proventriculus. These have been studied by 
several workers, among them, Ashcraft, who made kymographic re¬ 
cordings of the motility: “All tracings of the glandular stomach show 
characteristic form, i.e., a rather slow, moderately high contraction, 
then more or less incomplete relaxation, followed by a further rise, 
more rapid and of greater intensity.” 

GIZZARD (VENTRICULUS) 

This peculiar organ is well developed in the chicken. It has no 
counterpart in the mammal, although it has been compared to the 
pyloric part of the mammalian stomach. The muscular wall of the giz¬ 
zard is thick and powerful, and the organ is lined with a keratinized 
layer which is an exudate from the underlying glands (Calhoun). No 
digestive juice is secreted in the gizzard. 

The essential function of the gizzard is to crush and grind the coarse 
ingesta fed to it by the crop or reaching it directly during swallowing. 
As already pointed out, the relatively dry nature of the contents of the 
gizzard makes it improbable that gastric juice exerts much action on 
the food there. The reaction of the gizzard is, as one would expect, 
acid (average reaction, pH 4.06—Olson and Mann). 

Movements. Various types of movement have been recorded. Con¬ 
tractions recur at intervals of 20 to 30 seconds. During hunger the 
gizzard shows vigorous and continuous motor activity (Ashcraft). 
Movements of the gizzard and the action of drugs on the movements 
have been studied by Henry, Macdonald, and Magee. The motor 
responses of the organ to drugs (atropine, pilocarpine, ergotoxine. 
adrenaline) were such as to lead to the opinion that the extrinsic 

nervous control of the gizzard is brought about by the vagus and 
splanchnic nerves. 

The pressure exerted by the contracting gizzard is considerable. It 
has been measured in the hen, goose, and duck by insertion of a balloon 
into the gizzard by way of the esophagus and connecting the balloon 
to a mercury manometer. The mean results obtained are: hen 138 
mm. Hg; duck, 178 mm. Hg; goose, 257 mm. Hg (Kato). 

Effect of Removal of the Gizzard. Complete surgical removal of 
the gizzard has been accomplished by Burrows. Gizzardectomized fowls 
may live in good health indefinitely. The digestibility of coarse foods 
was much reduced in the gizzardless birds. With ground food the 
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difference in digestibility was much less (Fritz, Burrows, and Titus). 

Significance of Grit in the Gizzard. There is a widespread impres¬ 
sion that for the gizzard to be an efficient grinder it must contain grit. 
It is held that the bird, because it possesses no teeth, must have this 
substance in order to utilize seeds, grain, and other compact, resistant 
foods. In recent years considerable evidence has accumulated that 
seems to show that grit is not essential for the well-being of the chicken. 
Bethkc and Kennard could find no evidence that grit was injurious, 
yet they could find none that it was beneficial even in the case of chicks 
reared to maturity. A group of birds that never received grit remained 
healthy and grew to maturity, utilizing their food, including whole 
corn and wheat, apparently just as well as those that had free access 
to grit. Bethkc and Kennard concluded, however, that in the case of 
mineral deficiency in the food grit might serve as a source of mineral. 

Buckner, Martin, and Peter studied the question of the importance 
of grit for growing chickens and obtained similar results. Their finding? 
led them to conclude that grit is not essential to growth and egg pro¬ 
duction in White Leghorn chickens up to 8 months of age. 

Fritz found that feeding grit to birds slightly improved the digesti¬ 
bility of various foods. The effect of grit was most evident when coarse 
food was used. 

Titus expressed the following views on the feeding of grit: “Although 
grit is not absolutely essential, it permits chickens to make more effi¬ 
cient use of whole grains and of coarse, fibrous feeding stuffs. Appar¬ 
ently, grit also tends to prevent gizzard erosion in chicks when finely 
ground feed that contains little fiber is fed.” 

Kaupp and Ivey made a study of the length of time grit remained 
in the gizzard of mature hens following its complete withdrawal from 
the food. The fowls, 25 in number, were killed or died from causes not 
related to the question of grit in the gizzard, over a period of a year, 
and the contents of the gizzard were examined for grit. In no instance 
was it absent. Even hens that were kept as long as 300 days or more 
showed the presence of considerable quantities. While these findings 
show that the gizzard holds tenaciously to a quantity of grit when none 
is fed to the chicken even over long periods of time, they do not show 
that the grit retained served a function in the gizzard. 

DIGESTION IN THE INTESTINE 

The small intestine extends from the gizzard to the origin of the 
ceca. It is comparatively long and is of nearly uniform size throughout. 
The large intestine consists of the ceca and the rectum. The ceca, two 
tubes with blind extremities, originate at the junction of the sma 
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intestine and rectum and extend orad toward the liver. The terminal 
part of a cecum is a good deal larger than the initial part. The intestine 
throughout its entire course presents villi and simple tubular intestinal 
glands. Duodenal (Brunner’s) glands are not present in the chicken 
(Calhoun) or turkey (Rosenberg). 

Duodenum. The duodenum extends from tlie stomach (gizzard) to 
the place of entrance of the bile and pancreatic ducts. The reaction of 
its contents is nearly always acid (Olson and Mann), and it is prob¬ 
able that gastric juice exerts the greater part of its action here. As 


previously stated, gastric juice of birds is similar in composition to that 


of mammals. 

Pancreatic Digestion. The action of pancreatic juice of the fowl 
has not been extensively studied. From such work as has been done, it 
appears that enzymes similar to those formed by the mammalian 


pancreas are produced by the avian organ. Thus the old work of Langer- 
dorfT shows that the pancreas of the pigeon produces a siightly alkaline, 
watery juice containing amylolytic, proteolytic, and lipolytic enzymes. 
The more recent work of Shaw indicates that the pancreas of the chick 
produces similar enzymes. Shaw states that pancreatic function in the 
chick is imperfectly developed before the seventh day after hatching. 
Plimmer and Rosedale have shown the presence of similar enzvmcs in 
the pancreas of more mature chickens. Farner collected pancreatic 
juice by cannulating a pancreatic duct of chickens and demonstrated 
strong amylolytic action of the juice. 

Intestinal Juice and Enzymes. The digestive action of intestinal 
juice or of extracts of intestinal mucous membrane of birds seems to 
have been little studied. According to Popow and Kudrjawzew, the 
intestinal juice of the hen differs only slightly from that of the’dog. 
Hamilton and Mitchell and Plimmer and Rosedale have shown that 
lactase is not produced in the intestine. Protease, invertase, and amylase 
are present in extracts of mucous membrane obtained from the intestine 
as a whole. Amylase is present in cecal extracts, but protease and in¬ 
vertase are absent (Plimmer and Rosedale). 

Bile. It has been shown that bile of the chicken contains amylase 
(Farner). The enzyme is present both in bile obtained from tht hepatic 
duct and the gallbladder. The amylolytic action of pancreatic juice is 
very much greater than that of bile. 

The effect, of avian bile on fat digestion and absorption is probably 
similar to that of mammalian bile in this respect. The pH of the 
bile of the chicken is 0.0 to 6.2 (Buckner and co-workers). 

Reaction in the Intestine. A number of studies have been made of 
ie reaction of the contents of the alimentary tract of the common fowl 
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(Mayhew; Olson and Mann; Heller and Penquite; Buckner and co- 
workers; and others). The results obtained by Olson and Mann on the 
intestine are given in Table 24. 


Table 24. pH of the Intestinal Contents of the Chicken 


Part of Intestine 

pH 

Mean 

Low 

High 

Duodenum. 

G. 31 

5.64 

7.10 

Jejunum. 

7.04 

6.12 

8.01 

Ileum. 

7.59 

6.93 

8.42 

Right cecum. 

7.08 

5.83 

8.20 

Left cecum. 

7.12 

5.93 

8.16 

Rectum. 

7.38 

6.29 

8.18 

Coprodeuin. 

7.24 

5.69 

8.10 


Farner has studied the pH of the contents of various portions of 
the digestive tracts of chickens, pigeons, ducks, pheasants, and turkeys. 
Sturkie has assembled from the literature pH values obtained at all 
levels of the digestive tract of the chicken. 

Ceca. An extensive study of the physiology of the ceca of the 
chicken has been made by Browne. This worker performed experiments 
on healthy chickens in which he fed them solid food (dough) stained 
with methylene blue or magenta, or drenched them with methylene blue 
solution, or injected methylene blue or magenta solution through the 
cloaca. At various intervals afterward the birds were killed and the 
contents of the intestine and ceca examined. Some of his more important 
conclusions are as follows: (1) The usual cecal content consists of 
chocolate-colored, pultaceous material. (2) The proportion of ingesta 
entering the ceca varies directly with the fluidity of the contents of 
the large intestine (rectum). (3) A considerable part of the intestinal 
content does not enter the ceca; only fluids enter. (4) Fluids given by 
mouth reach the blind ends of the ceca in l 1 /^ to 4 hours, depending 
upon the quantity administered. (5) Fluid injected into the cloaca 
reaches the blind ends of the ceca almost immediately. 

Browne regards the ceca as playing an unimportant part in diges¬ 
tion, for even in certain grain-eating birds they are absent. In his opin¬ 
ion they are mainly for absorptive purposes. On the other hand, the 
work of Radeff and others suggests that they are concerned in the 
digestion of cellulose, thus tending to bring their function into line with 
that of the ceca of Herbivora. Radeff found that hens could not digest 
the crude fiber of barley at all but digested the crude fiber of wheat 
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grains to the extent of 5 per cent; of oats, 7 per cent; and of crushed 
corn kernels, 17 per cent. After removal of the ceca the crude fiber of 
wheat grains was digested only to the extent of 1.4 per cent and of 
crushed corn in general not at all. Hainan has studied and reviewed 
the digestion of crude fiber by the fowl. 

Olson and Mann made extensive observations on the physiology of 
the ceca of the chicken and reviewed the literature. Dyes added to dry 
food could be found in the cecum 24 to 48 hours after being fed. Lamp¬ 
black, mixed with the food, failed to enter the cecum in significant 
amounts even when fed for a long period. The dyes carmine and rose 
bengal left the ceca 120 hours after the last feeding of the dyes. Olson 
and Mann did not detect the very rapid passage OV 2 to 4 hours) of 
material into the ceca as reported by Browne. 

Apparently the ceca are not important places of synthesis of B- 
vitamins in the digestive tract of the fowl (Couch and co-workers). 

Effect of Removal of the Ceca. That the ceca of fowls are not essen¬ 
tial structures is indicated by the fact that they can be removed or 
occluded without evident ill effect on the bird (Richardson; Durant; 
Hunter, Durant, and Hogan; Schlotthauer and co-workers). Surgical 
occlusion of the ceca in turkeys protects the birds against the infection 
of blackhead (Durant; Schlotthauer and co-workers). However, the 
method has not come into practical use. 

INNERVATION OF THE GASTROINTESTINAL TRACT 

Nolf’s work on intrinsic and extrinsic innervation of the gastro¬ 
intestinal tract of the chicken has been reviewed by Babkin. According 
to L»olf, the intrinsic neurons are of two kinds; long connector neurons 
and short effector neurons. The connector neurons synapse with the 
effector neurons. The latter, which may be either motor or inhibitory, 
terminate in the musculature of the gut wall. The connector neurons 
are found only in the intestine, but the effector neurons are situated 
also at other levels. The extrinsic nerves are the vagus and sympathetic, 
both of which contain motor and inhibitory fibers. The vagus fibers 
make synaptic junction with the connector neurons. The sympathetic 
fibers are of two kinds; postganglionic, innervating the muscles directly, 
and preganglionic, synapsing with the connector neurons. If this con¬ 
cept is correct, it would mean that some of the efferent autonomic 
pathways have three neurons instead of two. This is contrary to com¬ 
monly accepted ideas on the efferent channels in the autonomic nerv¬ 
ous system. 

The innervation of the digestive tract in the chick embryo has 
been studied by Van Campenhout. 
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RATE OF PASSAGE OF INGESTA 

I his question has been studied by a number of workers using dif- 
fcicnt methods. Browne found that the minimum time required for oats 
(as indicated by their husks) to appear in tlie feces when fed to chick¬ 
ens was about five hours, while an entire meal of oats passed through 
the digestive tract in 18 to 20 hours. Browne found that food dyes were 
unsatisfactory for determining the rate of passage of ingesta. 

Steinmetzer, using the roentgen ray, followed the progress of pills 
composed of oatmeal, barium sulfate, and water given to chickens 
fasted for 24 hours before the experiment. The time required for the 
food to pass through the gastrointestinal canal was four hours. 

Kaupp and Ivey used lampblack as an indicator in the food and 
found that the average time required for the indicator to appear in the 
feces was, for the growing fowl, 3 hours and 52 minutes; for the laying 
hen, 3 hours and 46 minutes; for the adult hen not in laying condition, 
8 hours; for the broody hen, 11 hours and 44 minutes. 

Using the roentgen ray, Henry, Macdonald, and Magee showed that 
the alimentary canal of the fowl empties itself in 16 to 26 hours after 
the ingestion of food. 

Further information on the rate of passage of ingesta will be found 
in the book by Sturkic. 



Chapter XVIII 


ABSORPTION 


A BSORB riON is the process whereby foods, properly prepared by 
. the organs of digestion, are transferred from the lumen of the gut 
to the blood or lymph. By means of the blood the absorbed foodstuffs 
are transported to the tissues for utilization or for storage. 

PLACE OF ABSORPTION 

No food absorption takes place in the mouth and esophagus. 
Strychnine may be absorbed from the pharynx (Meltzer), and strych¬ 
nine and picrotoxin are said to be rapidly absorbed from the mouth. 
In the stomach, 1 contrary to what might be supposed, absorption is 
\eiy limited under normal conditions. On the whole, the food substances 
are not yet ready for absorption: proteins are not split below the 
peptone stage, fats are hydrolyzed only to a slight extent, and carbo¬ 
hydrate digestion is, in most animals, far from complete. The absorp¬ 
tion of deuterium oxide (heavy water) from stomach pouches has been 
demonstrated. This may mean that water can be absorbed from the 
stomach, but it is doubtful if under ordinary conditions it remains in 
the stomach long enough to undergo any significant reduction in vol¬ 
ume. There is little reason to believe that inorganic salts are ordinarily 
absorbed from the stomach in significant amounts. Certain drugs may 
be absorbed from the stomach of some animals. Meltzer states that 
Bouley and Colin obtained rapid effects of strychnine introduced into 
the stomach of the dog, pig, and cat with ligated or paralyzed pylori. 
In the cow the effect was retarded, and in the horse it was absent or 
at least not fatal. Meltzer showed that strychnine is not absorbed from 
the stomach of the rabbit, whereas hydrogen cyanide is. 

The small intestine is the chief seat of absorption in carnivores 
and omnivores and is doubtless of great importance as an organ of 
absorption in herbivores as well. 

The large intestine as an organ of absorption is of limited impor¬ 
tance in carnivores and man, except in the initial part of the colon 

* For a diacuaalon of abaorption from the ruminant atornach. aoo o. 889 . 
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where water absorption occurs. The large intestine of all herbivores, 
on the contrary, must be well adapted for absorption. This would 
seem to be especially true in the simple-stomached herbivores, where 
such extensive digestive changes are reserved for the large bowel. It is 
probably less true of ruminants, where stomach digestion and absorp¬ 
tion are so important. In the intestine, digestion and absorption proceed 
side by side. 

ABSORPTIVE SURFACES 

The mucous membrane of the small intestine is highly modified as 
an organ of absorption by the presence of numerous tiny fingerlike 
projections known as villi. These vary considerably in form and length 
in the different animals, being, according to Ellenberger, longest in 
carnivores, shorter in solipeds, and shortest in swine and ruminants. In 
general, animals with the most rapid digestive and absorptive proc¬ 
esses have the best-developed system of villi. 

A villus is composed of a projecting core of tunica propria covered 
with the columnar epithelial lining of the intestine. Near the axis of 
the villus is found a large lymph capillary known as a lacteal. It be¬ 
gins near the tip of the villus and enters a plexus of lymph vessels 
lying just on the inner side of the muscularis mucosae. At their origin 
the lacteals are often branched. The villus possesses also a rich net¬ 
work of blood capillaries, and many lymphocytes are found in the 
meshes of its reticular stroma. Smooth muscle fibers derived from 
the muscularis mucosae enter the villus, to whose basement membrane 
many are attached. The motor activity of the muscularis mucosae, in¬ 
cluding the muscle strands of the villi, has been studied by King and 
Arnold, who found that the mucosa as a whole shows ridging, pitting, 
and grooving movements, while the villi show shortening, lengthening, 
and lateral movements, singly and in groups. The movements of the 
villi and of the mucosa may or may not be associated. The movements 
are believed to be myogenic. They are probably related to mixing, ab¬ 
sorption, lymph flow, and the expulsion of mucus from the goblet cells. 

Additional observations have been made on the motor activity of 
the muscularis mucosae (King and Robinson, King and co-workers). 
Both the longitudinal and the circular muscle fibers are capable of 
contractions, spontaneous and induced, strong enough to be of physio¬ 
logical significance. It is suggested that the muscularis mucosae may 
have functions not connected with absorption and secretion. It may 
be concerned with transport in the gastrointestinal canal. The muscu¬ 
laris mucosae possesses both an adrenergic and a cholinergic motor 
innervation. Apparently an inhibitory nerve mechanism is lacking. 
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Investigations by Kokas and Ludany indicate that the movements 
of the villi are augmented by a hormone present in the mucosa of the 
duodenum and activated by hydrochloric acid. The name villikinin is 
given to the hormone. It is not the same as secretin, cholecystokinin, 
histamine, or choline. 

The mucous membrane of the large intestine is devoid of villi, but 
in herbivores it must be well adapted to absorb. 

In domestic animals the size of the absorbing surface, exclusive of 
the villi, has been estimated to be as follows (Sussdorf, cited by 
Gmelin): horse, 12; ox, 17.1; pig, 2.8; dog, 0.52; cat, 0.129 square 
meters. The extent to which the villi increase the absorbing surface 
varies in different animals, depending upon the size and number of the 
villi. In man it is estimated that the increase is 7- to 18-fold. 

ROUTES FOR ABSORBED FOODSTUFFS 

There are two routes by which absorbed foodstuffs may enter the 
general circulation: the lymph and the blood of the portal system. 

Lymph Route. The lymph capillaries of the mucous membrane of 
the intestine, including the lacteals of the villi, drain into the larger 
lymph vessels of the submucosa. These penetrate the muscular coat 
of the bowel and empty into the lacteal vessels of the mesentery, which 
have intimate connections with the mesenteric lymph nodes. The lacteal 
vessels of the mesentery proceed to the cisterna chyli, into which they 
empty. The latter vessel is continued forward as the thoracic duct, 
which empties into the venous system anterior to the heart. Fats are 
absorbed principally by the lymph. 

Blood Route. The blood capillaries of the mucous membrane of 
the intestine, including those of the villi, unite to form venules and 
veins, which drain into the portal vein via its mesenteric radicles. The 
portal vein enters the liver, where its blood is mixed with that of the 
hepatic artery. The hepatic veins convey the blood of the liver to the 
posterior vena cava. Protein and carbohydrate digestion products, 
water, and inorganic salts 1 are absorbed largely by the blood. 

MECHANISM OF ABSORPTION 

Much interest has centered around the question as to how the food¬ 
stuffs in the intestine are conveyed to the blood or lymph. It may be 
said that theories of absorption fall into three general groups: (1) 
Absorption is an act explainable in terms of recognized physical or 
physicochemical processes such as osmosis, diffusion, imbibition and 
mtraintestinal pressure. (2) Absorption is a process dependent upon 

»Th® absorption of Inorganic salts is dlscnsscd in Chapter XXVII. 
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special activity of the epithelial cells lining the intestine and is at 
present unexplainable in physicochemical terms. (3) Absorption takes 
place in accordance with special activity of the epithelial cells together 
with certain physicochemical activities such as osmosis and diffusion. 
I he evidence for and against these and other views of absorption was 
reviewed by Goldschmidt, who reached the conclusion that while 
factors other than osmotic may be active in modifying absorption, all 
the evidence points to their physicochemical nature. In the light of 
more recent evidence, this conclusion probably requires amplification. 
It is held that absorption is due in part to some special property of the 
epithelial cells (Magee, 1930). These structures expend energy in ab¬ 
sorption, at least in certain phases of the process. Ingraham and Vis- 

schcr have suggested a mechanism to account for active absorption 
from intestine. 

The descriptive terms “active transfer” and “passive penetration” 
have been suggested for the two aspects of the mechanism of absorp¬ 
tion. 

The mechanism of absorption from the alimentary canal is a part of 
the broad problem of cell permeability and thus falls to a large extent 
in the realm of general physiology. 

No nerves whose specific function is to control absorption from the 
intestine have been found. The intestinal vasomotor nerves, however, 
by virtue of their control of the blood supply, must have some influence 
on absorption. 


FAT ABSORPTION 

Fats undergo hydrolysis in the intestine to fatty acids and glycerol. 
In this form they are absorbed. Fats themselves are insoluble in water, 
but fatty acids formed from their hydrolysis are water-soluble in the 
presence of bile. The bile salts enter into chemical combination with the 
fatty acids, thus increasing their solubility. Bile is necessary for normal 
fat absorption. In the absence of this secretion much of the fat appears 
in the feces, not in the form of neutral fat, but of fatty acids, which in¬ 
dicates that the disturbance is not one of splitting but of absorption. 

The fatty acids and the glycerol penetrate the free ends of the epi¬ 
thelial cells of the intestinal lining and enter their interior. Histological 
studies of fat absorption reveal the presence of numerous fat droplets 
in the cytoplasm of the epithelial cells and it is generally believed that 
the droplets arise by a synthesis of the fatty acids and glycerol to 
neutral fat. The glycerol taking part in this reaction is not the glycerol 
absorbed from the intestine, according to isotope studies. The mucosa 
apparently makes its own glycerol. As the fat globules approach the 
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basal ends of the cells, the globules decrease in size. They now enter 
the tissue spaces of the tunica propria and pass from there to the 
lymph capillaries of the villi. The lymph current then removes them to 
the mesenteric lymphatics and the thoracic duct, which enters the 
venous system anterior to the heart. The finely divided, absorbed fat 
is in the form of an emulsion and imparts a milky appearance to the 
lymph, which during fat absorption is termed chyle. The amount of 
fat in chyle during absorption may be as much as 3 or 4 per cent. The 
fat particles (chylomicrons), 0.5 to 1 micron in diameter, can be seen, 
and have been studied, by the aid of the dark-field microscope (Gage 
and Fish). 

Recent work shows that during fat absorption there is an active 
phospholipid metabolism in the mucous membrane of the intestine. 
The fatty acids of the phospholipids of the mucosa change with 
changes in the fatty acids of the food. These findings have been inter¬ 
preted as indicating that phospholipids play an intermediary role in 
the synthesis of fatty acids to neutral fat. Their fatty acids are believed 
to be displaced by fatty acids derived from the food. Later they yield 
these fatty acids to the lymph and receive others from the alimentary 
canal. The fatty acids appear in the lymph as neutral fat. Some of the 
phospholipid itself undergoes absorption into the lymph. While it is 
generally agreed that phospholipids are formed in the cells of the in¬ 
testinal mucosa, some workers regard the phospholipids as end-products 
and not intermediate compounds in the resynthesis of fats. 

During fat absorption leukocytes accumulate in the mucous mem¬ 
brane, and their significance in the transfer of fat from the epithelial 
cells to the lymph system has been much debated. Modern work indi¬ 
cates that they are not important in fat absorption. 

Since ample facilities are present in the bowel for fat hydrolysis, 
there can be little doubt that fat is absorbed in a hydrolyzed form. 
Some authorities believe that it is absorbed practically entirely in this 
form (\ erzar and McDougall; Bloor, 1939). Present evidence indicates 
the possibility of the absorption of some unhydrolyzed fat in the form 
nf a fine emulsion, the particle size averaging less than 0.5 micron in 
diameter (Frazer). According to this view of fat absorption, the glycer¬ 
ide fraction of fat in the intestine, that is, the unhydrolyzed fraction, 
is absorbed mainly via the lymphatics, whereas the fatty acid fraction 
is absorbed mainly by the portal circulation. This concept of fat 
absorption has been designated as the partition hypothesis The pos¬ 
tulate that complete hydrolysis of fat occurs prior to absorption is 
designated as the lipolytic hypothesis. The former hypothesis may offer 
an explanation of the old observation that not more than 60 per cent 
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of the absorbed fat could be recovered from a fistula of the thoracic 
duct. The possibility exists, of course, that the remaining 40 per cent of 
the fat entered the blood by lymph channels other than the thoracic 
duct, for recent work (Freeman; Glenn and co-workers) indicates that 
in the dog an abundance of lymphatic paths from the intestine to the 
blood, in addition to the thoracic duct, are present. 

A considerable amount of evidence fails to support the partition 
hypothesis of fat absorption (Berry and Ivy). More research work is 
clearly needed. 

Evidence has been presented by Conrad and Scott that fatty acid 
absorption in the hen takes place to a very large extent by way of the 
portal system. 

The absorption of cholesterol apparently requires the presence of 
bile salts as well as the simultaneous absorption of fat. A good deal 
of cholesterol is converted into esters during absorption. Cholesterol is 
absorbed principally by the lymph. 

PROTEIN ABSORPTION 

Ample facilities in the form of enzymes (pepsin, trypsin, peptidases) 
are provided for protein digestion. The principal end products of this 
digestion are amino acids. However, some of the hydrolysis of protein 
apparently does not go beyond the peptide stage. In the form of amino 
acids and peptides, therefore, proteins are absorbed. The portal blood 
is the route of their absorption. Significant absorption of amino acids 
by the lymph is nut believed to occur. 

In the blood stream amino acids can be detected by several methods, 
one of the most interesting of which is that of Abel, Rowntree, and 
Turner, in which the blood of the living animal is submitted to vivi- 
diffusion by being passed through a series of collodion tubes connected 
with an artery and a vein of the animal and immersed in saline solu¬ 
tion. The solution surrounding the collodion tubes may be drawn off 
periodically and its constituents recovered. By this method it can be 
shown that amino acids are always present in blood and that their 
concentration increases following the ingestion of protein or following 
the introduction of amino acids into the intestine. 

CARBOHYDRATE ABSORPTION 

The digestion of carbohydrates by enzymes results in the formation 
of monosaccharides, whereas the digestion by bacteria results in ic 
formation of lower fatty acids such as acetic, propionic, and butyric. 
The monosaccharides are absorbed, for the most part, into the porta 
blood and are carried to the liver, although the lymph stream has been 
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shown to remove some sugar from the alimentary canal. The lower 
fatty acids are absorbed by the blood. 

Lower fatty acids have been found in significant amounts in the 
blood draining the cecum of the sheep, the cecum and colon of the pig, 
the colon of the horse, and the cecum of the rabbit. The blood draining 
the small intestine did not contain significant amounts of the lower 
fatty acids in any species studied (sheep, pig, horse, rabbit) except 
apparently the pig (Barcroft, McAnally, and Phillipson, 1944b). For 
the absorption of the lower fatty acids from the ruminant stomach, 
see p. 390. 

Although maltose, sucrose, and lactose are dialyzable substances, 
they are not absorbed as such except when consumed in very large 
amounts, and even then the extent of their absorption is slight. Di¬ 
saccharides do not enter the blood stream because of the existence of 
their corresponding disaccharidases in the wall of the intestine. These 
enzymes ensure the conversion of the disaccharides to monosaccharides 
during absorption. When for any reason disaccharides do get into the 
blood stream, either by absorption or by parenteral introduction, they 
are largely eliminated unchanged in the urine, although it appears that 
maltose, at least, when introduced into the body in cither way, is 
utilized to some extent, probably because of the existence of a blood 
enzyme that hydrolyzes it to glucose. 

The work of Cori shows that the rate of absorption of different 
sugars from the intestine is not the same. Representing the rate of 
absorption of glucose as 100, the rate of absorption of galactose is 110; 
fructose, 43, xylose, 15; arabinose, 9; lactose, 30. The rate of absorption 
of glucose and other monosaccharides is fairly constant regardless of 

the amount of sugar ingested. The latter factor determines the duration 
of absorption but not the rate. 

Absorption of glucose from the intestine of the chick has been in¬ 
vestigated by the Cori technic designed for studies on rats (Golden and 
Long). An absorption rate of 400 mg. per 100 gin. of body weight per 
hour was found. The rate remained practically constant over a 4-hour 
period and did not appear to be influenced by differences in concentra¬ 
tion of the glucose solutions administered (30 to 40 per cent). The 
absorption rate obtained in chicks is more than twice that found in 
rats of similar size and over four times that found in dogs. 

Energy is expended during glucose absorption and active transfer 
is involved. It is thought that glucose is phosphorylatcd in the wall of 
the intestine and then dephosphorylated before it enters the blood but 
proof that this occurs has not been obtained. ’ 

The monosaccharides in the portal blood reach the liver, where to a 



452 


PHYSIOLOGY OF DOMESTIC ANIMALS 


considerable extent they are stored in the form of glycogen. Other tis¬ 
sues, notably the skeletal muscles, also have the power to form and 
store glycogen (p. 529). 
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Chapter XIX 


WATER, ELECTROLYTES, 
AND ACID-BASE BALANCE 

By M. R. Kare 


WATER 

W ATER, due to its commonplace nature and abundance, often 
does not command economic respect, but its physiological im¬ 
portance cannot be minimized. No living cell exists devoid of water, 
and every cell requires a continuous supply in order to function. Ani¬ 
mals that have adapted to terrestrial life have developed a modified 
outer integument and other associated complex mechanisms to assure 
an aqueous environment for their component cells. Indeed, the serious¬ 
ness of a failure to replace the water lost in the normal functioning of 
the body is exceeded only by the gravity of oxygen deprivation. 

Water Content of the Body. Water is distributed throughout the 
body; its concentration approaches 70 per cent of the body weight of 
the adult animal. The exact percentage is affected by the species, age. 
and man}' other variables. A good deal of the variation in reported 
values can be attributed to differences in the method of measurement 
employed. In mammals the highest concentration of water is found in 
the fetal body. After this stage a rapid decline occurs until a plateau 
is reached early in life. This level is more or less maintained through¬ 
out life until the onset of old age. There is a lack of full agreement as 
to the water changes of the animal body that accompany the process 
of senescence. Fig. 125 relates the water content of cattle to a<*c 
Distribution. The quantitative distribution of water in the various 
fluid compartments of the body is illustrated in Fig. 126. Intracellular 
water represents approximately 50 per cent of the body weight, whereas 
extracellular water accounts for about 20 per cent. The extracellular 
water consists of blood plasma and interstitial fluid, which make up 
and 15 per cent, respectively, of body weight. 

The body fluids are in a state of dynamic equilibrium, and there 
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is a constant exchange of water between the fluid compartments. The 
water of the smallest compartment, blood plasma, has the special role 
of maintaining communication with the external environment. The 
elastic volume of the interstitial fluid compartment permits it to ab¬ 
sorb much of the transitory fluctuation in body water content. Thus 
body mechanisms are provided with a time interval long enough to 
allow readjustment to the normal water volume. 



Fia. 125.—The relation between the water content of cattle and age. (From 
Armsby and Moulton, The Animal as a Converter of Matter and Energy, 
published by the Chemical Catalog Company, Inc.) 


Plasma volume can be measured with any substance whose physical 
and chemical characteristics limit its movement to the plasma compart¬ 
ment. Evans blue dye, T-1824, which meets this requirement, is used 
extensively. A measured quantity of the dye is introduced into the 
circulatory system, time is allowed for complete mixing, and samples 
are then drawn from which the degree of dilution can be determined. 

In measurement of the interstitial fluid volume, it is important that 
the substance used should not penetrate the cells and that enough time 
should be allowed to ensure distribution throughout the entire inter¬ 
stitial space. Inulin is widely used in this procedure. In calculations o 
interstitial fluid volume, the degree of dilution must be measure , 
blood plasma volume must be accounted for, and allowance must e 
made for the elimination of any of the measuring material in the urine. 

Total body water can be determined by desiccation of the who e 
animal. In large animals and in survival experiments a determination 
of the dilution of heavy water (deuterium oxide) or of tritium oxi 
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has given satisfactory results. Kraybill and co-workers have used anti- 
pyrine to determine the body water composition of cattle. 

Intracellular fluid volume can be estimated by calculating the differ¬ 
ence between total fluid and extracellular fluid. There is, however, some 
error inherent in all methods of measurement that are based upon 
dilution. 

The concentration of water varies greatly between the different 
tissues; three-fourths of muscle is water, whereas bone is only one- 
fourth water. The low water concentration of adipose tissue explains 
in part the lower body water content of the female and the castrate. 



Fio. 12G.—The fluid compartments of the body. The major sources of water and 
the avenues of its loss from the body are indicated with arrows. (After Gamble.) 


Physical and Chemical Nature of Water. Chemical reactions are 
essentially molecular or ionic phenomena, and consequently reactivity 
is enhanced by the formation of true solutions in body fluids. Water 
comes nearer to being a universal solvent than any other liquid and 
thus influences virtually all reactions that occur in living matter. This 
characteristic of water contributes to the ability of the fluid medium 
to transport the multitude of chemical products produced in the animal 
organism. Other properties of water that are of consequence in the 
functioning of the body are high dielectric constant and surface tension. 

Water plays a vital role in temperature regulation. Its high specific 
leat facilitates the storing of large amounts of heat with a limited in- 

w tempe ^ ature and Permits water to serve as a temperature 
er between the body cells and the external environment. Water is 
a fairly good conductor of heat. Thus it acts as an internal thermal 
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regulator and contributes to the maintenance of a uniform internal 
temperature. The great latent heat of vaporization of water aids the 
body in heat elimination. (To evaporate one gram of water at body 
temperature 0.58 Cal. is needed.) 

Water is important as a lubricant for various surfaces, including 
the joints, conjunctivae, pleurae, pericardium, and peritoneum. Further 
discussion of the functions of water will be found elsewhere in this 
book. 

Water Balance. The animal body lacks facilities for storing bulk 
water for extended periods. The normal functioning of the body 
mechanisms results in an uninterrupted loss of water, and since the 
body must maintain its total water content at a relatively constant 
level, it is imperative that a continuous supply be provided. 

Animals obtain water from food, liquid intake, and oxidation of 
hydrogen in the course of metabolism (metabolic water). The volume 
of metabolic water is variable, depending on the nature of the diet. 
Oxidation of 100 gm. of protein yields about 40 gm. of water; oxidation 
of 100 gm. of carbohydrate yields 55 gm. of water; and oxidation of 
100 gm. of fat, with its high ratio of hydrogen to oxygen, yields about 
107 gm. of water. The importance of fat in this respect is illustrated 
by the camel, whose ability to go without drinking water for long 
periods of time is attributable in part to the metabolism of stored fat 
(Babcock). 

Water gain is balanced by water loss principally through the urine, 
lungs, skin, and feces. A small amount of water is lost in saliva, nasal 
secretions, tears, and secretions of the genital tract. In the lactating 
female a considerable amount of water leaves the body in the milk. It 
is impossible to generalize on the relative importance of the various 
pathways of water intake and outgo, since the volumes differ radically 
with species, diet, physiological condition, health, and environment. 
Sheep on succulent pasture can subsist without access to water, while 
horses require 10 to 12 gallons a day in addition to what is obtained 
from food intake and metabolic oxidation. Desert rodents have 
limited or no water supplies but thrive in their arid environment. Man, 
on the other hand, is sensitive to relatively short periods of water 
deprivation. 

Under normal conditions the body water content is remarkably 
constant; therefore water intake plus metabolic water must balance 
water outgo. The animal can cope with a large fluid intake by virtue 
of a readily adjustable urine volume, but the unsalvagcable water 
losses of the body dictate the minimum intake. 

Excluding the transitory rise in body water associated with ie i 
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the constant water content is upset whenever anabolism and cata¬ 
bolism are not at equilibrium. In the growing animal, where the rate 
of anabolism exceeds that of catabolism, there is a positive water 
balance. Reynolds found that gestation processes, exclusive of con¬ 
comitant growth, are accompanied by a volume increase in the plasma 
and blood of the pregnant cow. This is reflected in a water intake 
greater than the volume eliminated. On the other hand, when the rate 
of catabolism exceeds the rate of anabolism, as is the case in starva¬ 
tion, a negative water balance results. 

The ultimate urine volume is dependent upon the degree of loss 
through all the alternative avenues. Minimum urine volume is dictated 
by the amount necessary for the elimination of the metabolic wastes 
and salts. Ability to concentrate these solutes varies with the species. 
The cow’s ability in this respect is limited as compared to the fowl’s; 
the lattei produces a highly concentrated urine. 

Inhaled air is saturated with water vapor in the lungs, but there 

is no body mechanism to remove moisture from the respiratory gases 

before exhalation. Pulmonary ventilation, therefore, accounts for a 

considerable loss of body water. Cutaneous insensible water loss also 

removes substantial amounts of water from the body. Where the water 

available is limited, the loss through these two avenues can exceed in 

volume that lost in the urine. Hyperventilation associated with a hot 

environment and with fever can induce water loss of a critical 
magnitude. 

Normally water lost in the feces of man and carnivores is of little 
quantitative importance. In cattle and horses, however, fecal material 
contains about 80 and 70 per cent water respectively (Leitch). The 
mass of bulky, indigestible matter consumed by these animals creates 
relatively more fecal material, and where food intake is high, as during 

heavy lactation or work, a significant quantity of body water is lost 
through the feces. 


Ritzman and Benedict found that the water output of lactating 
cows was more than double that of similar animals in the dry state. 
The water content of the milk and the feces accounts for only a frac¬ 
tion of the increased output. Much of the loss is associated with the 
increased metabolic activity and urine output. The obligatory expendi¬ 
ture of water in any species under a fixed set of physiological and 
environmental conditions can be expressed as a function of the rate of 
metabolism. With an increase in metabolic activity comes greater food 
consumption, more waste to be eliminated, and a consequently greater 
volume of urine. The concomitant increase in respiration and cutaneous 
evaporation both contribute further to a greater water output 
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I he basal energy metabolism bears a rough linear relationship to 
the surface area of the animal (p. 626), and the minimal water ex¬ 
penditures of the body are therefore related to the surface area. In a 
small animal the body weight per unit of surface area is several times 
greater than the ratio that exists in a large animal. The practical im¬ 
portance of this phenomenon can be illustrated by comparing a mature 
cow weighing 500 kg. with a young calf weighing only 50 kg. Extracel¬ 
lular water in both animals is about 20 per cent of body weight or 100 
kg. and 10 kg. respectively. The larger animal has ten times as much 
extracellular water, but only three to four times the surface area of 
the smaller animal. Since surface area influences the minimal water 
expenditure, the ratio of minimal water intake to interstitial water 
volume would he much smaller in the young animal. Gamble indicated 
that the minimal water expenditure per day in an infant is about one- 
fifth of its total extracellular water, whereas the corresponding figure 
in the adult is one-tenth. These facts arc of practical significance in 
domestic animals. Young pigs and chicks arc more sensitive to salt 
intoxication than the mature animal. This inability of young animals 
to cope with a high concentration of salt in their diet is probably 
due to their more limited reserves of body water available for salt 
climinat ion. 

The daily volume of the digestive secretions is several times greater 
than the total plasma volume. Normally most of this water is re¬ 
trieved by the body by absorption from the intestinal tract. In 
pathological conditions characterized bv diarrhea and vomiting con¬ 
siderable quantities of these fluids are lost to the body. It is obvious 
that such losses arc a serious threat to survival, particularly to the 
young animal where the body reserve of water provides only a limited 
margin of safety above the minimal requirements of basal function. 

ELECTROLYTES 

The consitutent electrolytes largely determine the character of a 
body fluid. The relative concentrations of the quantitatively more 
important electrolytes are illustrated in Fig. 127. These values arc 
generally applicable to all the domestic animals and serve as the basis 
for discussion of the electrolyte balance in the fluids of the body. 
Chemical analyses suggest that the concentration of the various 
electrolytes is maintained within narrow limits. However, investiga¬ 
tions employing radioactive isotopes reveal a constant flux. The ap 
parent stability in deposition and in concentration is actually ® 
measure of the resultant of dynamic movements into and out of t ie 
fluid compartments. 
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The cations present in readily measurable quantities include Na 4 , 
K 4 , Ca 4 *, and Mg 44 . The principal anions of the body fluids are Cl", 
HC0 3 ', IlPOr, and S0 4 = . The anions of a number of organic acids 
are also present in low concentrations. The pH of most body fluids is 
on the alkaline side of the isoelectric point of the proteins. Therefore 
the proteins ionize as acids and function as negatively charged 
particles. 

A considerable portion of some of the ions, for example, the 
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phosphates, is in organic combination. Since the amount of such com¬ 
pounds and their degree of dissociation are not known, a description 

of electrolyte balance in the animal body is limited by these factual 
deficiencies. 

The distribution pattern of the electrolytes is distinctly different in 
the extracellular and the intracellular fluids (Fig. 127). There is a 
predominance of Na* and Cl~ extracellularly, while K + , Mg~, and the 
phosphates are concentrated within the intracellular fluid. The fore¬ 
going are generalizations and are contradicted by several exceptions. 
A notable example is the Cl" found within the erythrocytes. 

The proteins are present in substantial concentrations in both the 
plasma and the intracellular fluid compartments, but smaller amounts 
are observed in the interstitial fluid. The molecular size of the proteins 
restricts their passage from the vascular system through the separating 
membranes, and the high concentrations of protein within the cell 
fluid is a result of reconstitution from diffusible amino acids. 

I he inorganic compositions of plasma and the interstitial fluid are 
very similar. However, the differences in protein concentration be¬ 
tween these two fluid compartments cause an uneven distribution of 
the diffusible ions in accordance with the Donnan equilibrium. 

I he unilateral distribution of the electrolytes between the intracel¬ 
lular and extracellular fluid compartments defies a simple explanation. 

A selectively permeable membrane could explain the absence or low 
concentration of some electrolytes within the cellular fluid. It could not 
account for the high concentration of those electrolytes found within 
the cells. Isotope studies have demonstrated that the intracellular de¬ 
positions (for example, potassium, phosphates) are not static; rather 
they are in a state of dynamic equilibrium. It would appear that these 
electrolytes migrate from the extracellular fluid against a concentra¬ 
tion gradient into the cells. This could only be accomplished with the 
expenditure of energy. 

It has been suggested that the movement of the electrolytes into 
the cells is a result of simple diffusion (Kare). This theory contends 
that the intracellular electrolytes do not exist entirely in ionic form; 
rather, they are largely present in highly labile complexes which re¬ 
move them from the diffusion equilibrium. For example, the lower 
concentration of phosphorus in the extracellular fluid is to a great 
extent in the ionic form and so is capable of diffusing into the cells, 
where only a small fraction of the same electrolyte may exist in a 
similar physical state. If this theory is correct, the law of mass action 
would then determine the tides in the migration of the electrolytes. 

The description “a ton of dogs” might be adequate for a freight 
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agency but would confuse the manager of a kennel. He would want to 
know how many dogs. Blood concentrations of electrolytes are com¬ 
monly expressed as milligrams per volume despite the fact that their 
function is dependent upon the number of discrete particles. The ap¬ 
proximate electrolyte composition of the body fluids is illustrated in 
Fig. 127, and the individual concentrations are expressed as milli- 
equivalents per liter. A milliequivalent is one-thousandth part of an 
equivalent weight. An equivalent weight is that quantity which has a 
combining or reacting potential equal to a gram atom of the hydrogen 
ion. The use of this terminology permits a direct comparison of the 
contribution of the various substances in body fluids to the physical 
equilibrium between the fluid compartments. This is aptly illustrated 
in assessing the role of proteins in the maintenance of osmotic equilib¬ 
rium. The weight of proteins expressed as milligrams fails to indicate 
their limited contribution to the total osmotic pressure of the fluid 
carrier. 

Function of Electrolytes. Metabolism, respiration, secretion, ex¬ 
cretion, in fact every aspect of body functioning, involves electrolytes. 
It is, therefore, unrealistic to indicate a “chief” role in the living ani¬ 
mal. As discrete particles they constitute the bulk of the osmotic ap¬ 
paratus of body fluids. They are an integral part of the buffer systems 
as well as of the structural portion of the pH mechanism. 

The high mobility of the electrolytes in the body renders them ideal 
as executors of the regulatory mechanism. From this aspect it would 
be interesting to reassess hormone-electrolyte relationships. Activation 
and inhibition of enzyme systems are effected by minute alterations 
in the concentration of specific electrolytes. In general, the activity of 
enzymes can be delineated by boundaries determined by electrolyte 
concentrations. This is related to what is commonly termed the proper 
environment for tissue irritability. A discussion of electrolytes in re¬ 
lation to the irritability of heart muscle is given on p. 125. 

The electrolytes are associated with innumerable physical and 

chemical phenomena in the body. These are illustrated in the role they 

play in rendering globulin soluble, their function as the integral part 

of the energy-storing mechanism, and their contribution to membrane 
polarity. . , ,. 

Electrolyte Balance. Body fluids exert an osmotic pressure of ap¬ 
proximately 7.5 atmospheres, which is roughly equivalent to a 0.9 per 
cent sodium chloride solution; The osmotic pressure is primarily at¬ 
tributable to the constituent electrolytes. The contribution of organic 
substances such as glucose and urea to the total osmotic pressure is of 
minor importance, and that due to the proteins is negligible. Although 
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the osmotic pressure due to these substances is insignificant when as* 
sessed quantitatively, their importance in the balance mechanisms 
cannot be minimized. 


Under normal circumstances the body obtains all of its electrolytes 
fiom ingested food and liquid. The pathways of elimination are similiar 
to those described for water except that the losses are, to a greater 
extent than for water, effected by the kidneys. The role of the kidney 
in this regard is dealt with in Chapter XX. 

A discussion of electrolyte balance is out of context when divorced 
fiom a consideration of body water. An alteration in the volume of 
body water changes the concentration of the electrolytes. It follows 
Mint an imbalance of the body’s electrolytes is contingent upon the 
volume changes, if any, of the water. 


1 he volume and osmotic pressure of body fluids is threatened by 
deficient and excessive intake and elimination of both electrolytes and 
water. Where an animal is subject to a large intake of both electrolytes 
and water simultaneously, a transitory imbalance is encountered since 
the body can eliminate excess water more rapidly than excess elec¬ 
trolytes. Various species differ in their ability to cope with inordinate 
electrolyte intakes. 1 he kangaroo rat can concentrate sodium in its 
urine to 908 mM (Schmidt-Nielsen and co-w r orkers), whereas man is 
limited to d/0 and the dog to 3.30 (Adolph). The capacity of this rodent 
to eliminate salt permits it to thrive with only sea water to drink 
(Schmidt-Nielsen and Schmidt-Nielsen). 


An abnormal decrease in body fluid is described as dehydration. 
The converse, an excessive accumulation of fluid within a body tissue, 
is known as edema (p. 73). These terms usually depict a physiological 
situation involving both water and electrolytes. Dehydration can 
result from (1) a reduced intake; (2) loss through natural channels, ns 
in diarrhea, vomiting, or excessive sweating; and (3) unnatural loss, 
for example, hemorrhage.' 

The rate of loss of water and electrolytes from the body will in¬ 
fluence the extent to which the various fluid compartments are affected. 
Prolonged water deprivation tends to distribute the losses to both the 
intracellular and extracellular fluids, whereas a sudden removal of fluid 
from the body, ns in vomiting or hemorrhage, is evidenced primarily 
in the extracellular fluids. 

Regardless of the rate of development or the cause of dehydration, 
it is obvious that a correction of the water loss is of limited value with¬ 
out recognition of the disturbance to the electrolyte balance. In fact, 
'he administration of water alone can aggravate severe dehydration 
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by the removal of additional electrolytes in the increased urine 
formation. 

Vomiting that accompanies pyloric stenosis or obstruction will 
reduce the chloride content of body fluids, for the gastric juice lost 
removes considerable NaCl and HC1. The alkaline intestinal secretions 
lost in diarrhea possess substantial amounts of sodium, chloride, and 
bicarbonate. In both of these conditions or in any prolonged dehydra¬ 
tion, potassium will leave the cellular fluid and escape from the body 
in substantial amounts. Corrective therapy requires that, in addition 
to replacement of the water, NaCl and potassium must be considered. 
The replacement of potassium via the blood stream requires that the 
powerful effect of this ion on the heart be kept in mind. 

The student is referred to other texts for a more comprehensive 
consideration of the problem of dehydration. 

ACID-BASE BALANCE 

The maintenance of the acid-base balance in the body is an im¬ 
pressive illustration of homeostasis. The animal body is subjected to 
acidic and basic stresses of both a continuous and an intermittent 
nature. Oxidative metabolism is constantly producing lactic, carbonic, 
and other organic acids. Element residues from the dietary intake 
yield the precursors of mineral acids (P0 4 , S0 4 ) as well as bases (K, 
Na). In addition the body must cope with such voluminous secretions 
as the acid gastric juice and the alkaline pancreatic juice. Despite 
these changes the reaction of body fluids remains remarkably constant. 

The cell membranes of the body are permeable to both hydrogen 
and hydroxyl ions. Therefore changes in the pH within one fluid com¬ 
partment are projected in the reaction of other body fluids. It also 
follows that a regulating mechanism present in one fluid compartment 
serves the entire body. 

The pH of extracellular fluids, specifically the plasma, lymph, and 
cerebrospinal fluid, is approximately 7.4, whereas intracellular fluid is 
neutral or slightly acid. The lower pH in the latter fluid compartment 
is related to the transitory accumulations of the products of cellular 
metabolism. The erythrocytes have a pH value intermediate between 
the values of plasma and intracellular fluid. The pH values of the di¬ 
gestive secretions deviate markedly from these values and are de¬ 
scribed in other places in this book. 

A pH of 7.4 can serve as the average for the blood of all the domestic 
animals. The data (p. 21) summarized in the table below illustrate 
the narrow range in blood pH encountered in a number of species: 
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pH of blood 

Authors 

Man 

7.35-7.43 

Myers 

Horse 

7.20-7.55 

Brey 

Cow 

7.35-7.50 

Kropf 

Dog 

7.32-7.68 

Berg, Maine, and Peterson 

Fowl 

7.56 

Johnson and Bell 


I he extremes compatible with life are described as pH 7.0 to 7.8. They 
are rarely encountered within the individual animal. 

The maintenance of such an exacting constancy of reaction despite 
intense and persistent acid and alkaline stresses suggests the existence 
of an effective regulating mechanism. This homeostatic mechanism of 
the body can be divided into (1) the buffer systems, (2) the activity 
of the lungs, and (3) the activity of the kidney. 

The Buffer Systems. A buffer system usually contains a weak acid 
and its salt or a weak base and its salt. Buffer action is the tendency 
of such a solution to resist a change in the hydrogen ion concentration 
when acid or base is added. This can be illustrated with a buffer pair 
such as carbonic acid and sodium bicarbonate. When a strong acid is 
added to such a mixture, the following occurs: 

NaHCO., + HC1 NaCl + II 2 C0 3 . 

The hydrochloric acid would be expected greatly to increase the 
hydrogen ion concentration of the solution to which it was added. In 
the presence of the buffer salt, however, it reacts to form a neutral salt 
and carbonic acid, which acid is only slightly dissociated and adds only 
a negligible amount of hydrogen ions to the resulting solution. Con¬ 
versely, if a strong base is added to the buffer pair, it will neutralize 
the acid to yield a salt which is less alkaline than the base originally 
added: 

NaOH 4- H 2 CO, — NaHCO-, + HOH. 

The buffers can only reduce, but not entirely eliminate, the effect of 
the added acid or base. A measured amount of buffer has a limited 
capacity, which can be exceeded if sufficiently large amounts of acid 
or alkali are added to it. 

The principal buffer systems of the body are as follows: 

H 2 CO, : BHCO a 
H protein : B protein 
BH 2 PO, : BJIPO, 

II organic acid : B organic acid 
HHb : BHb 
HHb0 2 : BHbO*. 

(B denotes base, primarily Na* or K*.) 
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In plasma, lymph, and intracellular fluid the bicarbonate and 
protein buffers are quantitatively most important. The outstanding 
importance of bicarbonate in the regulation of reaction in the body 
is due largely to the fact that it yields a volatile substance readily 
eliminated by the lungs. In plasma the bicarbonate buffer is responsible 
for minimizing the effect of about two-thirds of all added acids which 
are stronger than carbonic. The protein buffers are of greater quantita¬ 
tive significance within the cell than in the extracellular fluid. The 
bicarbonate, and of course the hemoglobin, buffers are of greatest con¬ 
sequence in the erythrocytes. 

A pH change in any part of the body is soon absorbed by the buffer 
systems in the immediate vicinity and eventually reflected in the buffer 
systems throughout the body. It follows that the measurement of any 
buffer system is an index of the acid-base balance in the entire animal. 
The bicarbonate buffer system of the plasma is most commonly 
assayed for this purpose. Since an altered ratio of bicarbonate to 
carbonic acid would change the blood pH, the body mechanisms 
attempt to maintain this ratio. For this reason the BHC0 3 level of 
plasma is used as a criterion of the condition of blood buffers. The 
concentration of this salt is called the alkali reserve and lends itself 
to relatively simple and rapid analysis. 

Role of the Lungs. The respiratory center is sensitive to minute 
changes in the reaction and C0 2 content of the body fluids. Pulmonary 
ventilation is increased when the pH is lowered and is reduced when 
the alkalinity of body fluids exceeds the normal. An increase in depth 
or rate of respiration would accelerate the removal of C0 2 and in effect 
moderate the acidity of body fluids by reducing the H 2 C0 3 content of 
these fluids. Where the sodium bicarbonate buffer has been utilized to 
counteract excess acidity, increased respiration will eliminate more 
C0 2 . In this manner the ratio of the buffer pair could be maintained) 
however, both components would be reduced in concentration. Hyper¬ 
ventilation in the normal animal would cause an excessive elimination 
of C0 2 , the pH in the body fluids would rise, and if continued long 
enough, hyperventilation would result in alkalosis. The transport of 
the blood gases is discussed in Chapter IX. 

Role of the Kidney. The pH of the body fluids is partly maintained 
by the selective elimination of acid or base from the blood via the 
urine. It appears reasonable to suppose that the structures of the 
urinary tract have a limited tolerance for extremes of acidity and 
alkalinity. The range of reaction of the urine of all the domestic species 
can be arbitrarily described as lying between pH 4.5 and 8 5 How¬ 
ever, the buffer systems, particularly BH,PO,/B 2 HPO„ permit urines 
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to contain large quantities of acid or base without an extreme devia¬ 
tion in pH. An increased elimination of BH 2 P0 4 will produce a more 
acid urine and leave the body fluids more alkaline. Conversely the re¬ 
moval of B 2 HP0 4 would make the body fluids more acid. 

The removal of either of these phosphates involves a loss of base 
from the body. An extended acid stress could seriously deplete the 
reserves of the basic electrolytes. In order to cope with such an event¬ 
uality the kidneys can produce ammonia, which has a sparing action 
on the alkaline reserves of the body. The ammonia can replace fixed 
bases (Na*, K + ) which are combined with acids. 

I he ammonia is probably contributed mainly by glutamine through 
the action of glutaminase and is secreted in the tubules as ammonium 
bicarbonate. I he alkali-salvaging reaction is probably as follows: 

NH.IICOa + BA -> NIL, A + BHC0 3 

.Secreted in Salt Excreted Returned to 

tubule filtered in urine body fluids 

through 

glomeruli 

In the healthy animal ammonium salts are present in the urine in 
limited concentrations; however, in severe acidosis they may be of 
foremost importance in the conservation of alkali. 



Chapter XX 


KIDNEY AND URINE 


T HE kidney secretes urine. One of the principal organs of elimi¬ 
nation, it aids in keeping the composition of blood plasma constant 
by (I) the excretion of nitrogenous waste products such as urea, (2) 
the elimination of inorganic salts, (3) the elimination of water, and 
(4) the removal of nonvolatile, soluble foreign substances that may 
have gained entrance to the blood. In accordance with the kidney’s 
function changes in the composition of blood plasma bring about cor¬ 
responding changes in kidney activity and in the composition of the 
urine. The kidney is thus of great importance in the maintenance of 
the constancy of the internal environment of the organism; in short, it 
is one of the chief homeostatic mechanisms of the body. 

HISTOLOGY OF THE KIDNEY 

The kidney is a gland without embryological or histological 
analogy elsewhere in the body. The kidney is made up of many units 
termed nephrons, each of which begins as a peculiar structure known 
as the glomerular capsule and runs as a tubule, the renal tubule, 
through the cortex and medulla to empty with many similar nephrons 

into a collecting duct. These ducts empty into the pelvis or the calyces 
of the kidney. 

The glomerular capsule may be regarded as a sphere of fattened 
epithelial cells invaginatcd at a pole by a tuft of capillaries known 
as the glomerulus. This tuft of vessels is therefore surrounded by two 
layers of epithelium, which are separated by a narrow space. The latter 
is continuous with the lumen of the tubule. The inner layer of the 
capsule is closely applied to the capillaries. A capsule and a tuft of 
vessels together constitute a renal corpuscle (Fig. 128). The capsule is 
connected to the tubule by a neck. This part is succeeded by a very 
tortuous proximal convoluted portion, which is continued downward 
toward the pelvis of the kidney as the thin segment of the medullary 
loop. This is followed by the thick segment of the loop and then the 
distal convoluted portion, which empties, by way of the initial col- 
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lecting tubule, into the terminal collecting duct. The initial collecting 
tubule represents the termination of the nephron. 

The structure of the epithelial cells in the different parts of the 
nephron is not the same. These structural differences suggest dif¬ 
ferences in function, and, as between the capsule and the tubule func- 



Fio. 128.—Diagram of a glomerulus, showing the arrangement of the capillary loops- 
Note the twisted loops and the nbsence of anastomoses. (From Vimtrup, American 
Journal of Anatomy, 1928, 41.) 


tional differences are generally recognized. As to the specific function? 
of the different parts of the tubule, less is known. Knowledge in t n? 


field is increasing, and the topic will be referred to later. 

Renal tubules isolated from the kidneys of adult rabbits have n 
length of 2 to 3 cm. The diameter of the renal corpuscle of mam 
mals varies between 100 and almost 200 microns (Huber). 

Using an improved method, Kunkel made observations on the num 
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ber and size of glomeruli in the kidneys of several mammals. He found 
that the number and size of glomeruli, and therefore the total glomeru¬ 
lar capillary surface, were more closely related to body surface area 
than to any other measurment. Among the different species studied 
it was found that the number of glomeruli, in both kidneys, per square 
meter of body surface varied from 1,300,000 to 3,100,000. The follow¬ 
ing figures show some of the actual counts (one kidney): 410-kg. ox, 
3,992,000; 43-kg. pig, 1,248,000; 50-kg. pig, 1,138,000; 13 dogs ranging 
in weight from 3.29 to 20 kg., 318,000 to 720,000; 2.75-kg. cat, 184,000; 
3.5-kg. cat, 214,500. 


BLOOD SUPPLY 

The blood supply of the kidney is derived from the renal artery, 
which, upon entering the organ, divides and redivides in a rather 
definite manner until certain interlobular or radiate branches are 
formed. From these vessels afferent glomerular vessels leave in groups 
of two, three, four, or even more (Huber), to pass directly to a renal 
corpuscle. Upon entering the corpuscle, the afferent vessel breaks up 
into numerous capillaries constituting the glomerulus. The capillaries of 
the glomerulus do not anastomose. They reunite to form the efferent 
glomerular vessel, which is of smaller caliber than the afferent vessel. 
Immediately after the efferent vessel leaves the renal corpuscle, it 
breaks up into a second capillary network around the adjacent tubules. 
All blood reaching the capillaries of the different parts of the tubule, 
both in the cortex and the medulla, must first pass through the 
capillaries of the glomerulus. This view, though not universally recog¬ 
nized, is well supported by the work of Huber, MacCallum, and others. 
The two capillary networks are in series with each other. The small 
size of the efferent arteriole helps to ensure a high pressure in the 
glomerular tuft and provides for a low pressure in the peritubular 
capillary net. These facts have a bearing on the theory of renal func¬ 
tion, as will be seen later. The blood from the second set of capillaries 
is drained to the renal vein. The oxygen content of the blood in the 
renal vein is higher than that in most veins. Evidently the blood supply 
of the kidney in relation to its oxygen needs is quite adequate. 

Both the afferent and the efferent arterioles of the glomerulus are 
provided with peculiar myoepithelioid cells. Between the afferent and 
efferent vessels there is a group of cells, possibly neural or secretory' 
well supplied with nerve fibers. These cells and the myoepithelioid 
cells constitute a juxtaglomerular apparatus probably concerned in 

"Z T u!° n ,° f thC t0nUS ° f thG affcrent and effcrent arterioles and 
hus the blood pressure and flow through the glomeruli. The juxta- 
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glomerular apparatus is present in all the common mammals (Smith, 
1939; Leiter). While much remains to be learned about this apparatus, 
there is good evidence that the circulation through the glomerular tuft 
of capillaries is influenced by changes in the afferent glomerular 
arteriole as well as the efferent. 

Of timely interest in connection with glomerular functions are 
certain studies on the glomerular circulation. By illuminating the ex¬ 
posed kidney of the frog by reflected light, Richards and Schmidt dem¬ 
onstrated that the number of glomeruli showing active circulation 
varied widely in different preparations and was not maximal. The num¬ 
ber could be increased by many agents, including salt solution, urea, 
glucose, and caffeine, and could be decreased by adrenaline or pituitrin. 
The number of open capillaries in a given glomerulus was similarly 
variable. Blood flow often shifted from glomerulus to glomerulus. 

The question of glomerular intermittence has been studied in 
mammals by the indirect method of injecting substances into the blood 
stream and examining the glomeruli for injected material afterward. 
The work of Hayman and Starr and of Khanolkar supported the idea 
of glomerular intermittence in mammals, but in the more recent ex¬ 
periments of White the evidence indicated that under normal condi¬ 
tions all the glomeruli of the mammalian kidney are open all the time. 
Smith states that except for the rabbit the evidence is against 
glomerular intermittence in the mammal. 

Several investigators have failed to confirm the idea that there are 
two circulations through the kidney and that a large shift of blood 
from the cortex to the medulla may result from nerve impulses passing 
to the kidney. 


NERVE SUPPLY 

The nerve supply of the kidney is derived from the splanchnic and 
vagus nerves, mainly through the celiac ganglion, where most of the 
synaptic junctions are located. The splanchnic fibers leave the spina 
cord in the ventral roots, chiefly of the sixth to the thirteenth thoracic 
nerves. They supply vasoconstrictor and vasodilator fibers to the i 
neys, the former kind predominating. The function of the vagus fibers 

has not been determined (Gruber). 

The question of the existence of secretory nerves to the ki ney 
is an old and important one. The balance of evidence favors the vl ® 
that such nerves are not present and that the control exercisec ^ 
renal nerves over the secretion of urine is due to vasomotor e c 
(Cushny; Marshall, 1926; Gruber). Strong evidence against t e vi ^ 
that the kidney is provided with secretory nerves of impo anc 
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furnished by experiments in which n kidney when removed and then 
transplanted to some other part of the body or reimplanted in the 
same location functions apparently normally. In fact, a single re- 
implanted kidney is able to maintain the life of the animal for an 
indefinite time (Gruber). Obviously transplanted or reimplanted kid¬ 
neys are completely removed from nervous control, at least for a time. 

METHODS OF STUDYING RENAL FUNCTION 

These may be said to fall under three general heads: (1) Acute 
experiments on anesthetized operated animals or on isolated organs 
have been widely used. This method permits experimental simplifica¬ 
tion by the control of many variables, but the question arises as to 
the extent to which the results can be applied to the normal animal. 
(2) Studies, both structural and functional, in the comparative field 
are useful. Here nature herself has made experiments on the kidney, 
particularly on the renal tubule, during the evolutionary process. (3) 
The relatively recent method of renal clearance measurements (p. 494) 
has added much to our knowledge of kidney function. 

MECHANISM OF RENAL SECRETION 

Until 1917 the two principal theories of urine secretion were the 
Bowman-Heidenhain and Ludwig theories. According to the first of 
these, the cells of the glomerular capsule secrete water and salts such 
as sodium chloride, while the epithelium of the tubule secretes most of 
the solids of the urine such as urea and uric acid. In short, according 
to this theory, urine is formed by specific secretory activity of certain 

cells of the nephron, much as saliva is formed by the cells of a salivarv 
gland. 

According to Ludwig’s theory, the glomerular capsule is a simple 
filter allowing all plasma constituents except proteins to pass through; 
and in the tubule this dilute, lymphlike filtrate is made into urine by 
the return of water to the blood by diffusion. This is a physical theory. 

In 1917 Cushny enunciated a “modern” theory of urine secretion 
which may be stated briefly as follows: Blood as it passes through the 
glomerular capillaries is subjected to filtration, whereby water and the 
dialyzable plasma constituents are forced into the space between the 
layers of the glomerular capsule. The filtrate, lymphlike in character, 
is protein-free because the glomerular membrane is impermeable to 
he blood proteins. During its passage along the renal tubules, the 

trate is concentrated by selective reabsorption. As a result, substances 
hat are of further use to the organism are returned to the blood 
whereas substances of no value and any excessive amounts of useful 
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substances are rejected. The liquid containing the rejected substances is 
urine. The reabsorbed liquid is of invariable composition and closely 
resembles Locke’s solution. 

According to this theory, therefore, the glomeruli are filters and the 
tubules selective reabsorbers. In the latter respect, chiefly, it differs 
from Ludwig’s theory, according to which absorption in the tubules 
is governed by diffusion pressure. 

Recent researches have confirmed Cushny’s views w r ith respect to 
glomerular filtration and selective reabsorption in the tubules. The 
idea that the absorbed liquid is of invariable composition has not re¬ 
ceived support. It is now known that differential absorption occurs 
in the renal tubule. Cushny’s theory did not include the elimination 
of substances by the cells of the tubules. More recent work has shown 
that both tubular excretion and tubular synthesis are factors in the 
formation of urine. These activities will be discussed later. 

The beat of the heart determines the height of the general blood 
pressure and this in turn the height of the glomerular pressure, which, 
minus the opposing osmotic pressure of the plasma proteins and the 
intracapsular pressure, is the effective filtration pressure. Direct meas¬ 
urement of the blood pressure in the capillaries of the glomeruli of 
mammals has not been accomplished, but the ureteral or intrapelvic 
pressure necessary to stop urine formation can readily be measured 
by cannulating the ureter or the pelvis of the kidney and connecting 
the cannula to a vertical glass tube. The urine rises in the tube until 
its hydrostatic pressure equals the secretion (filtration) pressure. The 
intrapelvic pressure required to stop the secretion of urine averages, 
in unanesthetized dogs, 78 mm. Hg (McDonald, Mann, and Priestley). 
The wide range of pressures is shown in Fig. 129. 

In the dynamic state, when the urine outflow from the kidney is 
unobstructed, an intracapsular pressure must be taken into account. 
In dogs this has been estimated to equal some 10 to 20 mm. Hg. This 
pressure opposes the filtration pressure and must be subtracted from i 
to give the effective filtration pressure: 78 — 15 = 63 mm. Hg. Grante 
an average effective filtration pressure of 63 mm. Hg, there is u 
difficulty in understanding the adequacy of filtration at the glomeru u 9 - 

The osmotic pressure of the plasma proteins is about 22 mm. 8- 
This pressure added to that necessary to stop urine formation oug i 
to give a rough estimate of the capillary pressure: 78 + 22 = 100 mm- 
Hg. Capillary pressures of this magnitude do not occur clsew ere ^ 
the body, so far as is known. The anatomical arrangement of t e . re ? ze 
circulation and other considerations suggest that pressures of t is 
can actually be present in the glomerular capillaries. 
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The epithelial cells of the tubule supply the energy for reabsorption, 
which must be of considerable magnitude when it is considered that 
the osmotic pressure of urine is normally several times greater than 
that of blood. This means that the tubule cells have to expend much 
energy in concentrating the copious glomerular filtrate. It has been 
estimated that the kidney of man does about 215 kilogram-meters of 
work in producing one liter of urine from the glomerular filtrate. 



Fio. 129—Intrapelvic pressure (secretion pressure of the kidney) of two dogs, to 
show the wide range of pressures encountered in normal dogs. (From McDonald, 
Mann, and Priestley, Journal of Urology, 1937, 37.) 


Evidence for Filtration. Certain lines of evidence indicating that 
the glomerular membrane acts as a filter in urine formation may be 
summarized as follows: (1) The anatomical arrangement is such as 
to suggest filtration. (2) Liquid obtained directly from the glomerular 
capsule of the frog by puncture with a capillary pipette contains 
sodium chloride and sugar, whereas urine obtained simultaneously 
from the bladder contains neither (Weam and Richards). This is 
direct evidence of rcabsorption in the tubules and may be regarded 
as indirect evidence of glomerular filtration: if the glomeruli were not 
blind filters but were selective eliminators (secretory mechanisms), it 
would be unnecessary for tubular absorption to occur; only excretory 
products would pass through the glomeruli. Because the glomeruli are 
blind filters, however, valuable constituents escape into the tubule* 
and reabsorption must occur. (3) In several species of lower vertebrates 
it has been shown by Richards and his co-workers that the concentra- 
tion of solutes in the fluid obtained by glomerular puncture (glomeru 
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lar urine) is the same as in the blood plasma of the animals. For the 
frog this has been shown to be true of chloride, uric acid, phosphate, 
reducing substances, and creatinine; for Necturus, chloride, reducing 
substances, and phosphate; for the snake, uric acid. Furthermore, it 
has been shown by determinations of the pH that glomerular urine 
and blood plasma, in both frogs and necturi, have the same reaction. 
These findings may be regarded as proof that the glomerulus in these 
species behaves in a nonselective (passive) manner and has the func¬ 
tion of a filter. Some of these findings have been confirmed on mam¬ 
mals. Walker and co-workers have collected and analyzed fluid from 
single glomeruli and tubules of tlie mammalian kidney. (4) Changes 
in the pressure in the renal circulation when the blood flow through 
the organ is kept constant result in parallel changes in the rate of 
urine formation (Richards and Plant). This strongly suggests that 
the passage of liquid across the glomerular membrane is due to a 
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physical force (filtration) and not to secre¬ 
tory activity, which would not run parallel 
with the blood pressure. (5) When the 
action of the tubules is stopped by poisons 
added to the blood or by anoxia, a liquid 
similar in composition to protein-free 
plasma is obtained from the ureter. It is 
probable that this liquid is a glomerular 
filtrate. (6) Under certain conditions the 
amount of urine formed may be increased 
without any increase in the oxygen con¬ 
sumption of the kidney (Hayman and 
Schmidt). This tends to show that the in¬ 
creased flow under these conditions is due 
to physical and not secretory activity, fo r 
the latter would necessitate an increase in 

the metabolism of the gland. 

Changes in the systemic blood pressure 
in relation to urine secretion are shown in 

Fig. 130 . —Tracing showing the relation bct J* C " 
general arterial pressure and urine or ™ j ft . 
When the blood pressure fell, owing to s 
tion of the peripheral end of a vagus ner ’ 

l he flow of urine stopped. The urine ° , fl oW 

corded in drop, from a ureter. The blood dm 

was uncontrolled. 
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Fig. 130. In evaluating this tracing it should be kept in mind that blood 
flow was an uncontrolled factor. 

Evidence for Reabsorption. There is much evidence—some direct, 
some indirect—that reabsorption takes place in the tubules (Marshall, 
1926; Cushny; Walker and co-workers). Very strong evidence is that 
brought forward by Wearn and Richards, mentioned above. They ob¬ 
tained liquid from the glomerular capsule of the frog’s kidney in an 
amount sufficient for analysis. Such liquid contained chloride and under 
some conditions glucose, whereas bladder urine collected simultaneously 
contained neither. This is convincing evidence of reabsorption, at least 
of chloride and glucose. That water is also absorbed is indicated by 
experiments, already mentioned, in which when tubular action was 
suppressed a very dilute urine was secreted. That energy for reabsorp¬ 
tion is supplied by the epithelial cells of the tubules and not by diffusion 
pressure alone is indicated by the fact that some of the substances in 
the urine may be many times more concentrated than in the blood. 
Clearly such a concentration could not be effected by diffusion. Nor is 
the degree of concentration the same for all solutes. Sulfates are con¬ 
centrated about 90 times; creatinine, 75 times; urea, 60; phosphate, 16; 
potassium, 7; chloride, 2; and so on. The oxygen consumption of the 
kidney in diuresis may be several times that during rest. According 
to present conceptions, the increase in metabolic rate is brought about 
by increased activity of the cells of the tubules. 

Place of Reabsorption. That selective reabsorption occurs in the 
tubules of the kidney is now generally accepted. Much progress has 
been made in Richards’ laboratory in determining the parts of the 
tubule where absorption occurs and the nature of the substances ab¬ 
sorbed. Richards and Walker have devised technics whereby fluid, in 
amounts adequate for analysis, can be obtained from different known 
places in the renal tubules of Amphibia, and whereby definite parts of 
the lumen of an individual tubule can be perfused with different solu¬ 
tions. Using these technics, Walker and co-workers have shown that 
chloride is reabsorbed in the distal convoluted tubule; that glucose 
reabsorption takes place in the proximal convoluted tubule; that 
phlorhizin (p. 562) prevents the active reabsorption of glucose by the 
proximal convoluted tubule; that about one-third of water reabsorption 
occurs in the proximal tubule and two-thirds in the distal tubule; that 
the acidification of urine in the tubule of Necturvs is brought about by 
the distal segment of the tubule; that the proximal tubules can actively 

absorb phosphate. Some of these findings have been confirmed on mam¬ 
mals. 
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Renal Clearances. The determination of renal clearances is a valu¬ 
able and relatively new method in kidney physiology and pathology. 
By determining the relative concentration of various substances in 
blood and urine it is possible to calculate the concentration undergone 
by the substance during elimination and, if the rate of urine formation 
is known, to calculate the amount of filtrate produced by the glomeruli 
in a given time. To make the latter calculation valid it is necessary to 
use a substance that is readily filtered by the glomeruli and neither 
secreted nor absorbed by the tubules. Of the normal blood constituents 
creatinine seems to be the best for use in the determination of such 
ratios, or renal clearances. Of the foreign substances that have been 
injected into the blood in studies of this kind, inulin, a nontoxic 
polysaccharide, gives the most satisfactory results. 

The renal clearance, or plasma clearance, of a substance is the 
volume of plasma required to provide the amount of the substance 
excreted in a minute. 

U XV 

Plasma clearance = - 

P 

when U is the concentration of the substance (mg. per ml.) in the 
urine, V the volume (ml.) of urine formed per minute, and P the con¬ 
centration of the substance (mg. per ml.) in the plasma. The clearance 
comes out in milliliters per minute. Stated another way, the plasma 
clearance of a substance is the virtual volume of plasma that is com¬ 
pletely cleared of the substance in a minute. It is not the actual 
volume, for the plasma flowing through the renal capillaries is not 
completely cleared of any substance. 

The renal clearance of inulin is a measure of glomerular filtration. 
Substances with renal clearances greater than that of inulin are be¬ 
lieved to be eliminated from the blood by the tubules as well as filtcrc 
by the glomeruli. Substances with renal clearances less than that o 
inulin are believed to be filtered by the glomeruli and reabsorbed to 
some extent by the tubules. The magnitude of the filtration and re 
absorption processes in the normal kidney in the formation of urine 
may be illustrated by the following figures for man. The rate of g 0 
merular filtration, as determined in inulin clearance studies, is a ° u 
125 ml. per minute, or 180 liters for a 24-hour period. The amoum o 
urine produced in 24 hours is about 1.5 liters. These figures show ® 

99 per cent of the water filtered by the glomeruli is reabsorbec y 
renal tubules. It is evident that a large blood flow through the i 
is necessary to produce this volume of filtrate. The glomerular fi tra i 
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rate for a 15-kg. dog averages about 65 ml. per minute. For a 30-kg. 
sheep it is about 60 ml. per minute. 

If tubular reabsorption of a filtered substance is complete (glucose), 
the clearance of that substance will be zero. Diodrast (a synthetic, 
iodine-containing, organic substance) shows a clearance (in man) of 
about 700 ml. per minute, which indicates that the tubules also par¬ 
ticipate in its elimination. At this clearance diodrast is about 90 per 
cent eliminated from the plasma in one passage through the kidney. 
Its clearance therefore measures 90 per cent of the renal plasma flow. 
The total plasma flow through the kidney would then be about 780 
ml. per minute. When the corpuscles are added to this, the total renal 
blood flow amounts to about 1.3 liters per minute. This is about 25 
per cent of the cardiac output. In a 15-kg. dog clearance studies indi¬ 
cate a renal blood flow of about 335 ml. per minute. (The book by 
Smith contains numerous renal clearance data for the dog.) 

It is thus seen that with a renal blood flow of 1300 ml. per minute 
and a glomerular filtration rate of 125 ml. per minute (in man) the 
blood would lose some 10 per cent of its water as filtrate in passing 
through the glomeruli. The percentage in the illustrative data given 
for the dog would be higher. This loss of water results in a correspond¬ 
ing increase in the osmotic pressure of the plasma proteins, which of 
course are not filtered. There is believed to be a low capillary pressure 
in the peritubular capillary net. Reabsorption from the tubules would 
therefore be facilitated by the higher osmotic pressure of the plasma 
proteins and the low hydrostatic pressure in the capillaries. However, 
most of the energy for reabsorption is derived from metabolic activity 
of the cells of the tubules. 

Secretion as a Factor in Urine Formation. According to Cushny’s 
theory, true secretion has little or nothing to do with urine formation. 
More recently a good deal cf evidence has accumulated which seems 
to show that secretion must definitely be taken into account when the 
function of the tubules is being considered. Ammonia, hippuric acid, 
and perhaps other substances are believed to be formed in the tubule 
cells and secreted, while certain foreign substances such as phenol red 
are probably concentrated in the tubule cells and then secreted. Mor¬ 
phological and experimental studies on the kidneys of lower vertebrates 
are proving helpful in attempts to solve the question of secretion in 
the tubules (Marshall, 1934). Studies on the toadfish indicate that the 
renal tubule of this creature can secrete. Since the tubule in this animal 
is composed only of the proximal convoluted segment, it follows that 
this part can be secretory. The proximal convoluted segment is found 
throughout the vertebrate phylum; it is unlikely that it has entirely 
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lost its secretory function. It is therefore probable that some secretory 
activity of this part of the renal tubule occurs in all kidneys. Secretion 
in the mammalian kidney is believed to be more primitive and less 
important than filtration and selective reabsorption. Renal clearances 
are also used in studies of tubular secretion. Tubular excretion (secre¬ 
tion) is the subject of a review by Shannon. 

WATER REABSORPTION AND EXCRETION 

Water reabsorption by the renal tubule is in part a passive penetra¬ 
tion and in part an active transfer. Passive water reabsorption occurs 
principally in the proximal convoluted tubule and the thin segment. 
It is estimated that about 85 per cent (less in Amphibia—p. 493) of 
the filtered water, together with electrolytes and glucose, is so absorbed. 
Active water reabsorption occurs in the distal convoluted segment and 
it depends on the presence of an antidiuretic hormone, or water- 
reabsorption hormone, produced by the posterior lobe of the pituitary 
gland, and a hormone, or hormonal influence, diuretic in action, pro¬ 
duced by the anterior lobe of the pituitary. The antidiuretic hormone 
is closely related to, or identical with, the pressor principle of the 
posterior lobe. 

Removal of the posterior lobe of the pituitary, or injury to the 
supraoptic nucleus of the hypothalamus or to the tract that runs from 
this nucleus to the posterior lobe, provided that at least a part of the 
anterior lobe is present, results in diabetes insipidus. This condition is 
characterized by the elimination of great quantities of urine (polyuria) 
and by intense thirst. This combination of circumstances—absence of 
the antidiuretic hormone and presence of the diuretic hormone, or 
hormonal influence, of the anterior lobe—reduces the ability of the 
renal tubules to absorb water, and polyuria results. The urine in this 
condition is very dilute. The polyuria of diabetes insipidus can be 
relieved by injection of extracts of the posterior lobe of the pituitary. 
The supraoptic nucleus and its tract to the posterior lobe control the 
secretion of the antidiuretic hormone. 

The diuresis which follows the ingestion of water probably involves 
this pituitary-renal mechanism. The slight increase in the water content 
or decrease in the electrolyte content of the plasma may be the factor 
that suppresses the production of the antidiuretic hormone by f| lC 
supraoptico-hypophyseal mechanism and thus leads to water diuresis. 

In dehydration the production of the antidiuretic hormone is stimu¬ 
lated and wate r reabsorption by the kidney is increased. The secretion 
of the antidiuretic hormone has been reviewed by Pickford. 

Desoxycorticosterone of the adrenal cortex promotes the absorption 



KIDNEY AND URINE 497 

of sodium by the kidney tubule and thus has an indirect effect on water 
elimination. 


RENAL REGULATION OF ACID-BASE BALANCE 

The volatile anhydride C0 2 , formed so abundantly in the metabolic 
processes, is eliminated by the lungs. The rest of the regulation of the 
acid-base balance is a problem of the kidney. The food of carnivores 
and man has an excess of potential acid-forming substances (sulfur 
and phosphorus) over the intake of available base. When this potential 
acid is liberated in the oxidative processes in the body, it is neutralized 
by base given up by the bicarbonate of the body fluids. If the acid 
were excreted from the body combined with this base, there would 
soon be a severe decrease in the alkali reserve of the body and acidosis 
would result. There are two renal mechanisms whereby this acid can 

be excreted without a loss of an equivalent amount of fixed base from 
the body. 

In the first place, the slightly alkaline glomerular filtrate presented 
to the tubules is converted into a liquid which contains acid in free 
form. 1 his means a saving of base to the organism. The process wherebv 
the renal tubules convert an alkaline glomerular filtrate into an acid 
urine has been reinvestigated by Pitts and Alexander. The underlying 
principle appears to be the addition of hydrogen ions to, and the taking 


Fia. 131.—Cellular activity 
concerned in the acidification 
of urine. (From Pitts, Federa¬ 
tion Proceedings, 1948, 7.) 


TUBULAR 

URINE 


distal tubule cell 


TUBULAR 

blood 



naHjPo,, 


NaHCOj 


Up of sodium ions from, the glomerular filtrate as it passes along the 
tubules. This results in the conversion of Na 2 HP0 4 to NaH 2 P0 4 . The 
source of the hydrogen ions is the tubule cells, probably those of the 
distal convoluted portion. Apparently the hydrogen ions are derived 
rom carbonic acid in the cells, this being formed from carbon di- 

2 U " d 7 tho influence of the enzyme carbonic anhydrase 

l,v ,m?ui T ‘. e t , akcn up by the cells in exchange for H* is removed 
uy the blood as sodium bicarbonate (Fig. 131 ) 

In the second place, fixed base is conserved by the kidney by the 
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formation of ammonia in the tubule cells and the conversion of some 
ot the sodium salts in the glomerular filtrate into ammonium salts which 
are excreted. The nitrogen-containing precursor from which the am¬ 
monia is formed j s brought to the kidney by the blood, and various 
views have been held as to its chemical identity. Recent work indicates 
that glutamine is the most important source of the ammonia formed in 
the kidney. Amino acids are a direct source of some of the ammonia. 

The food of herbivores contains an excess of potential base, prin¬ 
cipally in the form of potassium salts of various organic acids. When 
these substances arc oxidized in the body, bicarbonates are formed. The 
excess is removed from the blood by the kidney and contributes to the 
alkalinity of the urine. 

CONTROL OF RENAL SECRETION 

The kidney is well supplied with nerves, but, as has been stated, 
these are believed by most workers to be mainly vasomotor in function 
and not secretory. It is therefore necessary to seek along other lines the 
explanation of the regulation of the amount of urine secreted. It is 
evident that the following factors may influence the volume of urine 
formed: the rate of glomerular filtration, the rate of tubular reabsorp¬ 
tion, or a combination of the two. 

The rate of glomerular filtration may be varied by changes in 
glomerular blood pressure and blood flow, changes in the size of the 
filtering surface (in Amphibia, at any rate—p. 488), and changes in 
the colloid content of the blood plasma. 

The rate of tubular reabsorption is influenced by the rate of pas¬ 
sage of the glomerular filterate along the tubules, the osmotic pres¬ 
sure of the fluid in the tubules, the osmotic pressure of the colloids and 
the hydrostatic pressure of the blood in the capillaries of the tubules, 
and the activity of the tubule cells. Hormones and other chemical 
factors are important regulators of the activity of the tubule epithe¬ 
lium. Apparently the renal nerve supply does not affect the activity of 
the renal tubules (Rustum Maluf). In ordinary circumstances the 
rate of tubular reabsorption is the main determinant of urine volume. 

REDUCTION OF RENAL SUBSTANCE, NEPHRECTOMY, 

URETERAL LIGATION 

There is a large factor of safety in the amount of renal substance. 
About two-thirds may be removed without causing serious disturbances 
to the animal. The blood urea concentration rises temporarily following 
the resection; the blood pressure is normal. Hypertrophy of the re 
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maining renal substance occurs, but there is no evidence of the new 
formation of nephrons (Allen, Bollman, and Mann). 

When one kidney is removed, the blood flow through the other 
kidney increases and reaches a maximum in about a month. Experi¬ 
ments indicate that the increase is 50 per cent or more. 

Complete nephrectomy or ligation of both ureters leads to death 
from uremia, so called because of the high concentration of urea in 
the blood in this condition. The retention of urea and other nitrogenous 
wastes is not, however, the cause of death in complete nephrectomy or 
in renal failure. The complicated physiological disturbances in uremia 
involve electrolyte and water imbalances, acidosis, circulatory changes, 
and other disturbances, some of them of an unknown nature. The 
nitrogen retention and fluid and electrolyte imbalances in uremic ani¬ 
mals can be corrected by perfusion of an isolated intestinal loop with 
a solution of suitable composition. The mucosa of the intestine is 
permeable in both directions to water and the important ions, and 
the perfusion solution can be made of appropriate composition (Sloan). 

The survival time of bilaterally nephrectomized dogs can be pro¬ 
longed for periods of 30 to 70 days by intermittent peritoneal lavage 
with a fluid of suitable electrolyte and glucose content. The peritoneum 
serves as a semipermeable membrane. The method has been applied 
to clinical cases with acute uremia. Bilaterally nephrectomized dogs 
whose life is prolonged develop hypertension, without changes in blood 
volume, cardiac output, or venous pressure. Changes take place in the 
media of the blood vessels typical of malignant hypertension (Groll- 
man and co-workers). External hematodialysis (vividialysis of the 
blood) is sometimes used in renal impairment. This is the basis of the 
artificial kidney with its dialyzing system. 

Anuria and uremia of young pigs, produced by ureteral ligation, 

has been studied by Sampson and co-workers. Ligation of one ureter 

caused no abnormal changes in the nonprotein nitrogen fractions of the 

blood and the animals lived indefinitely, although of course the affected 

kidney was destroyed. Bilateral ligation of the ureters resulted in death 

in a few days. The survival time was longer in older animals. Great 

increases in the nonprotein nitrogen fractions of the blood were noted- 

the urea nitrogen, for example, showed a 12-fold increase, on the 
average. 


PASSAGE OF URINE FROM THE KIDNEY TO THE BLADDER 

thoueh at a varyin R rate, passes 
through the collecting ducts into the pelvis or the calyces of the kid- 
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ney, whence it is conveyed to the urinary bladder by the ureter. The 
pelvis of the kidney is the funnellike beginning of the ureter. The latter 
is a tubular structure whose wall contains a good deal of smooth muscle. 
This muscle is capable of peristaltic contraction, which doubtless is the 
main factor concerned in the propulsion of urine along the tube into 
the bladder. Pendular movements and antiperistaltic activity may also 
be present. Lucas found that under normal conditions the pressure in 
flie relaxed ureter is practically zero, the amount of urine necessary 
to cause peristalsis being extremely small. The ureter is innervated by 
the autonomic nervous system. It appears that inhibitory fibers are 
supplied by the sympathetic and motor fibers by both the sympathetic 
and the parasympathetic (Gruber). 

FILLING AND EMPTYING OF THE BLADDER 

The ureter pierces the wall of the bladder at such an acute angle 
that a highly competent ureterovcsicular valve is formed. It effectively 
prevents reflux of urine under any condition of pressure that may be 
present in the bladder. The urinary bladder, like other hollow muscular 
organs, possesses, within limits, the power of accommodating itself to 
increases in its contents without any material increase in the internal 
pressure. Therefore as urine enters the bladder, its walls become dis¬ 
tended, outflow of urine into the urethra being prevented by the tonic 
contraction of a sphincteric mechanism at the neck of the bladder. How¬ 
ever, when the pressure in the bladder reaches about 150 mm. of water 
(in man), contractions of its walls begin, relaxation of the sphincters 
occurs, and reflex urination, or micturition, takes place. Ordinarily the 
emptying of the bladder is assisted by contraction of the abdominal 
muscles, but this assistance is not necessary. The musculature of the 
bladder wall, although visceral, can be made to contract more vigor¬ 
ously by cortical reinforcement of the spinal centers of micturition. The 
urination reflex not only may be assisted by voluntary effort, but, as is 
well known, it may be opposed voluntarily within wide limits. This is 
accomplished by inhibition of the spinal centers of micturition and by 
contraction of the external sphincter, which surrounds the upper part 
of the urethra. The desire to urinate arises from the stimulation of 
receptors in the wall of the bladder by stretch and contraction of the 
musculature. 

Nervous Control of the Bladder. The bladder is supplied by nerves 
derived from the sympathetic and parasympathetic divisions of the 
autonomic nervous system. The preganglionic sympathetic fibers leave 
the spinal cord in the second to the fourth lumbar nerves and run to 
the posterior mesenteric ganglion, where most of them terminate syn- 
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optically. From this ganglion postganglionic fibers reach the bladder 
through the hypogastric nerves. The parasympathetic fibers run as pre¬ 
ganglionic fibers in the pelvic nerves (nervi erigentes) and make syn¬ 
aptic junction with nerve cells situated diffusely over the surface of 
the bladder. From these cells short postganglionic fibers pass to the 
musculature of the organ. Both sets of nerves contain afferent fibers. 
That the action of these nerves varies in animals of different species 
is clearly indicated by the work of Elliott, who studied the condition 
in the dog, cat, rabbit, goat, pig, and other animals. (See also the 


review by Gruber.) 

In all mammals the pelvic (parasympathetic) nerves cause contrac¬ 
tion of the whole bladder, and there is general agreement that they are 
its main motor nerves. In the cat and rabbit, and perhaps in other 
animals, they also are inhibitory to the internal sphincter. Hence these 
nerves may be regarded as the nerves of urination. 

In the cat the hypogastric (sympathetic) nerves cause contraction 
of the urethra and relaxation of the bladder. They thus facilitate the 
holding of urine. In the pig the situation appears to be similar to that 
in the cat but less marked. In the dog hypogastric nerve control is 
limited to a small area near the sphincter, which contracts when the 
nerve is stimulated. In the rabbit and female goat the situation is simi¬ 
lar to that in the dog, but in the male goat the contraction tends to 
imolve the whole bladder. According to Gruber, the hypogastric nerves 
carry both motor and inhibitory fibers to the bladder. 

The external sphincter of the bladder is under the control of somatic 


nerves. 


There are several nerve centers in the spinal cord that are con¬ 
cerned in the micturition reflexes, but the volitional act of micturition 
is integrated at higher levels of the central nervous system, namely the 
hypothalamic area and the cerebral cortex. Following transection of the 
spinal cord, the spinal reflexes of micturition are disturbed, but after a 
time co-ordinated action of the centers returns. 




Urine is essentially n solution of (he products of nitrogen and sulfur 
metabolism, of inorganic salts, and of pigments. It is usually yellowish 
in color; however, wide normal variations may occur. The normal color 
is due mam y to the pigment urochrome. The odor is characteristic for 
the different species. In most animals the consistency is watery but 
n the horse it is thickish and more or less syrupy, owing to the scere- 

p ° rt of the m T ,S T Rlftn ‘ IS ^ thC PC ' ViS ° f thc ki,lne y and the upper 
port of the ureter. In most animals the urine is clear when voided- 
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in the horse it is turbid, chiefly by reason of suspended crystals of 
calcium carbonate, which settle out upon standing. The urine of 
ruminants becomes turbid upon standing because of the precipitation 
of the same salt. 

Specific Gravity. The specific gravity of urine varies with the rela¬ 
tive proportion of dissolved matter and water. In general, the greater 
the volume, the lower is the specific gravity. Specific gravities for 
domestic animals and man are shown in Table 25. 


Table 25. Specific Gravity of Urine 


Species 

Range 

Mean 

Horse. 

1.025-1.060 


Ox. 

1.030-1.045 

1.032 

Sheep and goat . 

1.015-1.045 

1.030 

Fig. 

1.010-1.050 

1.012 

Dog. 

I.016-1.060 

1.025 

Cat. 

1.020-1.040 


Man. 

1.010-1.030 

1.020 


(From Ellenborger and Schounert.) 


0 g 9 

Molecular Concentration. The depression of the freezing point is 
a measure of the molecular concentration of a solution. The following 
freezing-point values for urine from different species have been ob¬ 
tained: horse, —1.77 to —2°C.; dog, —1.573 to —3.638°C.; cat, —5°C. 
(Ellenberger and Scheunert). It is evident that in all cases the molecu¬ 
lar concentration of urine is much higher than that of blood plasma 
(average freezing point = —0.59°C.). This means that the kidney 
does work in the formation of urine (p. 491). 

Reaction. The reaction of the urine varies in different species, and, 
from time to time, in individual animals, depending on the food an 
the metabolism. As with all solutions, so with urine, the reaction is 
determined by the relative concentrations of H and Oil ions. When the 
former predominate, the urine is acid; when the latter predominate, it 
is alkaline. The ratio of the concentration of hydrogen ions to hydroxy 
ions in the urine is governed largely by the character of the food u 
partly by metabolism. Carnivorous animals generally have an aci 
urine, herbivorous animals an alkaline urine, and omnivorous anima s 
a urine that is either acid or alkaline depending upon the diet. os 
foods of animal origin give rise to an acid urine because they con am 
an excess of acid-forming elements (sulfur, phosphorus, ch orl ^ e ’ 
whereas many foods of vegetable origin give rise to an alkaline urm 
because they contain an excess of base-forming elements (so ium. 
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potassium, calcium, magnesium). Thus when the sulfur and phos¬ 
phorus of protein (of the food or of the tissues) are oxidized in me¬ 
tabolism, sulfuric and phosphoric acids result. These are neutralized 
b> base derived from the bicarbonate of the body fluids and are excreted 
in the urine—the former as a neutral salt, the latter as Na,HPO, and 
XalTPCh. In the urine of carnivores and man the monobasic salt is 


usually in excess, and when it is the urine is acid. For the way in which 
(he kidney converts the alkaline glomerular filtrate, in which there is 


an excess of the dibasic salt, into acid urine, see p. 497. 

The vegetable foods contain large amounts of such salts as acid 


potassium malate, citrate, acetate, and tartrate, which when oxidized 
in the body yield bicarbonates, principally of sodium and potassium. 
Iliese salts, to the extent that they are present in the body fluids be- 
\ond the needs of the organism, are eliminated in the urine and tend 
to give it an alkaline reaction. Cereals, having a fairly high protein 
content, behave like foods of animal origin in that they tend to give 
rise to an acid urine. In herbivores hippuric acid, formed in the body 
by the conjugation of benzoic acid and glycine, tends to make the 

urine acid, but there is usually enough alkali present completely to 
convert the acid into a hippurate. 


The pH range of the urine of dairy cattle has been reported to be 
7.4 to 8.4 (Ashworth and Brody). Most of the values were 8.0 or over 
A similar range has been found by Metzger. In 40 sheep Healy, Bul¬ 
lard, and Spears found the urine to be acid only twice; in all other 
cases it was alkaline. In normal human subjects the pH of the urine 
varies from 4.8 to 7.4. The average is about 6. 

It has been shown in cattle that an excess of basic over acid con¬ 
stituents in the diet is unnecessary for well-being; animals can grow 
normally to maturity when the usual alkalinity of the urine is shifted 
to the acid side. It is suggested that the acid-base ratio in dietaries is 
important only when the excess of one over the other is so great that 
the liberal mechanisms for the preservation of the normal reaction of 
the tissues are strained (Theiler, Green, and Du Toit). 

Mineral acids (hydrochloric, sulfuric, phosphoric) may be used (o 
preserve silage. The question arises as to the efTect of these acids on the 
acid-base balance of animals fed the silages. Investigations indicate 
he desirability of supplementing these silages with either basic salts 
or with roughages containing a good surplus of base (I.epard and co 
workers) The organic acids of silage present no special probfem sine 

they are m general readily oxidized. ouiem, since 

tion S lf r ::,t° n ° f 'l airy Cattle ,5 llays) causes decreased renal cxere- 

ns, caibonatcs, and organic acids and increased elimination 
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of phosphates and total ketone substances 
Brody). 


(Dale, Goberdhan, and 


Amount. The amount of urine secreted daily varies with the food, 
work, external temperature, water consumption, season, and other 
factors. Marked pathological variations may occur. The figures in 
Table 26 illustrate the daily amounts in domestic animals. 


Table 26. Daily Amount of Urine 


Animal 

Range 

Average 

Author 

Horse. 

Dairy cow. 

Sheep anti goat. . . . 

Fig. 

Large dog. 

Man. 

liters 

2-11 

8.8—22.0 kg. 
0.5- 2 

2- 6 

0.5- 2 

1- 1.2 

liters 

4.7 

14.2 kg. 

1 

4 

1 

F. Smith 

Fuller 

Ellenberger anti Scheunert 
Ellenberger and Scheunert 
Ellenberger and Scheunert 
Hawk 


Composition. The chemical composition of urine is very complex. 
This is not surprising when one considers that it is formed directly from 
the blood in order that the composition of the latter may be kept con¬ 
stant. 1 he following are the principal normal constituents of urine: 
water, urea, creatinine, purines (uric acid, xanthine, hypoxanthine, 
and so forth), allantoin, hippuric acid, ammonia, amino acids, ethereal 
sulfates, neutral sulfur compounds, inorganic salts, and the pigments 

urochrome and urobilin. In addition, foreign and pathological sub¬ 
stances may be present. 

Nitrogenous Constituents. Small amounts of nitrogenous wastes oc¬ 
cur in sweat, saliva, and milk, but the urine is by far the principal 
medium for their elimination. The chief ones are urea, creatinine, uric 
acid or allantoin, purine bases, hippuric acid, ammonia, and amino 
acids. 

The following figures (Hunter, 1914-15) may be taken as illustra¬ 
tive of the percentage distribution of nitrogen in the urine of fasting 
sheep: 


Urea N 
Ammonia N 
Creatinine N 
Creatine N 


70.8 -84.0 
2.5 - 3.2 
3.9 - 4.2 
18 - 3.0 


Uric acid N 
Purine base N 
Allantoin N 
Undetermined N 


0.26- 0.73 
0.38- 0.66 
1.7 - 23 
4.2 - 5.9 


In a nonfasting cow the percentage distribution of nitrogen was 
found to be as follows (Hart and co-workers): 
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Ur ea N 74.07 Ailantoin N 3.68 

Creatinine N 6.07 Uric acid N 0.59 

Creatine N 6.01 Ammonia N 0.48 

Hippuric acid N 4.19 Purine base N 0.056 

The metabolism of the nitrogen- and sulfur-containing constituents 
of the urine is considered in Chapter XXIII. 


URINE OF THE CHICKEN 

I he glomeruli of the kidney of birds are poorly developed as 
compared with those of mammals (Marshall, 1934). This suggests that 
tubular excretion is well developed in the kidney of the bird, and cer¬ 
tain experiments on this question in the chicken support this view 
(Pitts). 


Inulin clearance data for chickens have been assembled by Sturkie. 
These figures indicate a glomerular filtration rate in hydrated fowls of 
1.70 to 2.15 ml. per kilogram of body weight per minute. 

In birds, as in mammals, the fundamental mechanisms in urine 
formation are filtration at the glomerulus, selective reabsorption by 
the tubules, and tubular excretion. Uric acid is the principal nitrogenous 
waste product of birds, and clearance studies indicate that it is elimi¬ 
nated mainly by tubular excretion. A number of other substances are 
excreted by the tubule of birds. This points to the importance of this 
method of elimination in these forms. 


The osmotic pressure of urine obtained from the ureter of the 
chicken (ureteral urine) may be much less than that of blood or 
somewhat more. Expressed as a percentage of NaCI, osmotic pressures 
ranging from 0.13 to 1.3 per cent have been obtained (Korr) 

Korr describes ureteral urine of the chicken, at different rates of 
flow, as follows: During a high flow (diuresis) the urine is usually 

, ar ' Whcn the flow is moderate, the urine is somewhat cloudy At a 
low (low it is thick, slimy, and yellow. Normally, uric acid deposits 
cause the urine to be cloudy. Korr calculated from his own data and 
hose of other workers that the amount of urine entering the cloaca 
of the chicken may be as much as 700 ml. in 24 hours. Of this, only a 

T eK 7 Ctod from the c'oa™. usually in a semisolid 
T ' C al,sor P tl °n Of water from the urine entering the cloaca appears 
to be a function more of the rectum than of the cloaca, urine passing 
in o the rectum from the cloaca by regurgitation. The absorption of 
water is accomplished without osmotic work, presumably by the simul- 
taneous absorption of chloride and other substances. 

The view that the ureteral urine of the chicken is copious in amount 
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and that concentration of this urine occurs in the cloaca (or rectum) 
is not universally held. In the experiments of Hester, Essex, and Mann, 
the largest amount of urine obtained from exteriorized ureteral orifices 
of chickens during periods up to 24 hours in duration was 124 ml. 
They believe that normal ureteral urine of the chicken is already in a 
concentrated state and that the cloaca is a collecting organ analogous 
to the bladder of mammals. They point out that short periods of ob¬ 
servation of urine secretion in birds may be unreliable because of the 
considerable diuresis often induced by the disturbance of the bird. 

1 lie normal urine of birds is a cream-colored, thick, tenacious, mu¬ 
coid material containing an abundance of urates which readily settle 
out forming a semisolid mass. The pH of samples taken under different 
experimental conditions varied from 6.22 to 6.7” (Hester, Essex, and 
Mann). The experiments of Hart and Essex support the view that 
the volume of ureteral urine in the chicken is small. They believe that 
absorption of electrolytes and of some water of the urine occurs in 
the rectum. 

The books by Sturkie and Smith may be referred to for further 
information on the kidney and urine of the fowl. 



Chapter XXI 


SKIN 


T HE skin consists of two principal layers: an inner layer of con¬ 
nects e tissue, containing blood vessels, nerves, and lymphatics, 
known as the dermis or corium, and an outer layer of nonvascular squa¬ 
mous epithelium known as the epidermis or cuticle. Four epidermal 
layers are recognized. The stratum germinativum, the deepest, is the 
layer where regeneration occurs. It contains three types of cells: ger¬ 
minal, spinous, and melanoblasts, which are believed to form melanin. 
I he stratum ganulosum, a thin layer of cells, is evident only where 
the epidermis is thickened. The stratum lucidum is also very thin and 
is not visible unless the skin is thick. The cells making up this layer are 
dead. The stratum corneum, the outermost layer, is composed of flat¬ 
tened, dry, dead cells, which are continually exfoliated in warm¬ 
blooded animals. 


btWtRAL FUNCTIONS 

Ihe main functions of the skin may be stated as follows: (1) It 
affords mechanical protection to the underlying parts. This’applies 
particularly to the epidermis—whose outer layers are dead—in rela¬ 
tion to the highly sensitive dermis. Wherever the chances of injury by 
external factors are greatest, the cornified layer of the epidermis is 
thickest. Hair, hoof, nails, and feathers, structures derived from and 
built on much the same plan as the epidermis, enhance the mechanical 
protection afforded by this layer of the skin. (2) The epidermis protects 
underlying parts by preventing or limiting the penetration of many 
su ^stances. (3) Protection against light is afforded by the skin because 
o the presence of the pigment melanin in the cells of the epidermis and 
ho intercellular spaces of the dermis. It is the ultraviolet radiation that 
is absorbed by melanin. This pigment is believed to be formed in the 
melanoblasts of the stratum germinativum by the action of the enzyme 
> osinase on tyrosine and a tyrosine derivative, dihvdroxvphenvlala- 
nine or dopa. Melanin is then thought to be discharged into the inter- 
cellular spaces of the dermis, from which it can be taken up by other 
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cells and stored. Ultraviolet radiation is also concerned in the forma¬ 
tion of melanin by catalyzing the oxidation of tyrosine to dopa, by 
activating tyrosine, and in other ways. The effects of sunlight on the 
skin arc considered in a review by Blum, and the biochemistry of 
melanin formation is reviewed by Lerner and Fitzpatrick. (4) Regula¬ 
tion of body temperature is a function of the skin, which, together 
with the fat-containing subcutaneous tissue, constitutes a blanket that 
helps to prevent excessive radiation and conduction of heat. Hair and 
feathers, in addition to affording mechanical protection, assist in heat 
retention by retarding air currents. The evaporation of sweat from the 
surface of the skin aids in heat loss. Changes in blood flow through 
the skin influence heat elimination; dilatation of the blood vessels of 
the corium increases the amount of heat lost by nonevaporative means, 
while vasoconstriction has the opposite effect. (5) By reason of the 
secretion of sweat and sebum, the skin is an organ of excretion. (6) The 
formation of vitamin D from cholesterol or some closely related com¬ 
pound by the action of ultraviolet radiation occurs in the skin and is 
one of its important metabolic functions. (7) The skin is an organ of 
respiration, although its importance in this respect is not the same in 
all animals. In the frog the absorption of oxygen and the elimination of 
carbon dioxide by the skin may be sufficient to maintain life after re¬ 
moval of the lungs. In mammals the skin is not an important respira¬ 
tory organ. (8) The skin is a sensory structure placed between the 
organism and its environment, bringing the former into relationship 
with the latter. This function is performed by receptors of touch, 
warmth, cold, and pain in the epidermis and dermis. 

Some of the functions of the skin enumerated above require further 
attention at this time or later. To this end, permeability and the se¬ 
cretory activities of the skin will be studied here; temperature regula¬ 
tion will be presented in Chapter XXVI; vitamin D will receive further 
notice in Chapter XXVII; cutaneous sensations will be considered in 
Chapter XXX. 

PERMEABILITY OF SKIN 

The normal skin allows the passage through it of insignificant 
amounts of most liquids and some gases that come in contact with its 
outer surface. The fatty substances covering the surface of the skin, 
the keratin in the superficial cells, and the activity of the living cells o 
the deeper layers all contribute to this end. The last factor is probably 
the most important. , 

The skin is impermeable or only slightly permeable to water an 
electrolytes, but lipid-soluble substances can enter the living ce s o 
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the skin. The impermeability of the skin to water and electrolytes is a 
function of the “transitional layers between cornified and noncornified 
epithelium” (Rothman and Flesch). The lipid solubility of a substance 
is regarded as an important factor regulating skin permeability. If the 
substance is both lipid-soluble and water-soluble (alcohol, acetone, 

and so forth), it may be expected to penetrate the skin, at least to some 
extent. 

The absorption of gases by the skin has been frequently investi¬ 
gated. Many gases can penetrate the skin, some of them (hydrocyanic 
acid and apparently hydrogen sulfide) in sufficient amounts to cause 
poisoning or death (Walton and Witherspoon; Calvery, Draize, and 
Laug). Carbon monoxide, however, appears not to be absorbed by the 
skin. There is some penetration of the skin by heavy metals. 

Permeability of the injured skin is another matter. There is no 
doubt that the functional alterations of the skin seen in such conditions 
as inflammation, vesication, and mechanical trauma may affect per¬ 
meability. 

The subject of skin permeability is considered in a comprehensive 
review by Calvery, Draize, and Laug. It is evident from this study of 
the literature that much more research work will have to be done before 
numerous questions in this area can be given a satisfactory answer. 

SEBACEOUS GLANDS AND THEIR SECRETION 

Sebaceous glands, compound saccular in type, open for the most 

part into hair follicles. However, in some locations, as the lips, eyelids, 

vulva, glans penis, and prepuce, they open upon the free surface of the 
skin. 

Sebum. The secretion of the sebaceous glands is known as sebum 
It is an oily semiliquid material which solidifies upon exposure to air. 
It consists mainly of esters, not of glycerol, but of the higher alcohols 
including cholesterol. It is therefore not a true fat. Wool fat or lanolin 
is a similar substance that may be extracted from wool. It consists 
mainly of a mixture of esters of cholesterol and esters of alcohols of 
the fatty series. The fatty acids found in these esters appear to be 
cerotic, palmitic, and stearic (Rohmann). The full significance of sebum 
is not understood. It doubtless aids in preventing the penetration of 
harmful substances into the skin, it affords protection against the dis¬ 
integrating influence of external moisture, it gives pliability to the skin 
and it contains precursors of vitamin D. 

The tarsal glands, of the eyelids, and the glands of the prepuce are 
modified sebaceous glands. The ceruminous glands, of the external ear 
resemble sweat glands in structure, though their secretion, cerumen is 
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related to sebum. It contains a brownish pigment. Cerumen acts to 
discourage the entrance of insects and to prevent the passage of 
particles of inanimate matter into the ear. 

Secretion of Sebum. The traditional view regarding the secretion 
ot sebum by the sebaceous glands is that their cells, instead of form¬ 
ing and discharging a secretion as gland cells do generally, undergo a 
process of degeneration and disintegration to form sebum. The outer 
layers of the gland cells multiply very rapidly, pushing the newly 
formed cells toward the center of the sacculi. Y\ hen the cells are pushed 
far enough inward to begin to suffer from lack of nutrition, they de- 
generate and disintegrate, the products of these metamorphoses being 
sebum. 1 he secretory process is continuous. Some recent work suggests 
that sebum is formed by true secretory activity of the gland cells. 
Evidence has been obtained which suggests that the secretory activity 
of the sebaceous glands is controlled by the nervous system (Rothman 
and Felsher). 


SWEAT GLANDS AND THEIR SECRETION 

The sweat or sudoriferous glands reach their highest development in 
man. Among the domestic animals they arc best developed and most 
numerous in the horse, which sweats, as does man, from the general 
body surface. The sheep can sweat from the whole body surface, and 
the same is true of the ox. In “sweating sickness’’ of the calf, sweating 
may occur from the general body surface (Du Toit). Modern studies 
of the cflcct of hot environmental temperatures on sheep and cattle 
leave no doubt that these animals can sweat and that sweat secretion 
is of value in cooling their bodies. It is equally clear, however, that the 
sweat mechanism of ruminants is much inferior to that of man in 
temperature regulation. 

In the dog numerous sweat glands are found on the hairy parts of 
the body (Speed; Aoki and YYada) and they will secrete sweat in re¬ 
sponse to sudorific drugs and radiant heat (Eimer; Aoki and WadaL 
Experiments involving areas of denervated skin suggest that these 
glands do not function in heat regulation by the central nervous system 
but operate, by a peripheral regulatory mechanism, to prevent an 
excessive rise of skin temperature. The cat and dog have sweat glands 
in the foot pads. It is doubtful that these glands are concerned m 
temperature regulation. 

The sweat glands of Ayrshire cattle have been studied hv Findlay 
and Yang. The glands are found in association with hair follicles, cac ^ 
follicle being accompanied by a sweat gland, a sebaceous gland, an^ 
an arrector pili muscle. The sweat glands are apparently apocrine an 
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they liave a poor blood supply. They probably do not function as effi¬ 
ciently in thermal regulation as human sweat glands. This is in agree¬ 
ment with the view expressed above. 

Most of the sweat glands of domestic animals are apocrine. 

Composition and Significance of Sweat. The sweat of man is a 
clear liquid containing about 99 per cent water and having a specific 
gravity of 1.001 to 1.006 (Schwenkenbecher). Its reaction is usually 
acid. 1 he sweat of the horse is alkaline in reaction, having a mean pIT 
of about 8.5 (Korkisch). Smith (1890) found filtered sweat of the 
horse to have a reddish-yellow color, a strongly alkaline reaction, and 
a specific gravity of 1.020. The composition was found to be as follows: 
water, 94.38 per cent; organic matter, 0.53 per cent; ash, 5.09 per cent, 
the organic matter consisted mainly of serum albumin and serum 
globulin. Even larger amounts of protein in the sweat of horses were 
found by Ritter, who reported a range of 1.95 to 3.47 per cent and a 
mean ol 2.75 per cent. The urea content was found to vary from 0.11 
to 0.16 per cent, with a mean of 0.14 per cent. The significance of the 
large amount of protein in the sweat of horses is not known. Smith 

pointed out that it is a cause of loss of condition in animals that sweat 
too freely. 

Sweat is a watery secretion poured out upon the surface of the 
body to assist, upon evaporation, in cooling the body. In man, at least, 
it cannot be considered as an important excretion, for it is nearly all 
water. In the horse, on the other hand, its high inorganic salt content 
and its relatively high urea content require that it be regarded some¬ 
what in the light of an excretion. In animals that sweat a reciprocal 
relationship exists between the skin and kidneys in the elimination of 
water. In pathological conditions of the kidney the skin may take over 
a considerable share of that organ’s work. 


Loss of Water through the Skin: Secretion of Sweat. Loss of 
water through the skin occurs continuously. Ordinarily, evaporation 
keeps pace with production, so that no visible moisture collects on the 
skin. This evaporated moisture is a part of the insensible water loss of 
the organism and may be designated the cutaneous insensible water 
loss. Although this loss has long been recognized, it is not fully settled 
whether it is produced by the sweat glands themselves or is simply 
evaporated from the epidermis generally. That the latter view is prob¬ 
ably correct is indicated by the observation that animals not possessing 
sweat glands lose some water through the skin. Furthermore, human 
subjects in whom sweat secretion is experimentally suppressed in 
regions of the skin still show an insensible water loss from those 
regions. Diffusion of water vapor through the outer layers of the epi- 
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dermis probably accounts for the cutaneous insensible water loss 
(Pinson). 

At times water is poured out on the surface of the skin at a faster 
rate than it can be removed by evaporation, whereupon visible droplets 
termed sweat collect. There is no question that this moisture is pro¬ 
duced by the activity of the sweat glands. 


The secretion of sweat is under the control of secretory nerve fibers, 
which leave the spinal cord in the thoracolumbar outflow’ constituting 
the sympathetic system. That the secretion may be brought about by 
nervous influences may be shown by electrical stimulation of the pe¬ 
ripheral end of the sciatic nerve in the cat or dog. The stimulation 
causes visible droplets of sweat to appear on the foot pad. That such a 
production of sweat is not caused by an increase in the blood supply 
but by the action of secretory nerves is shown by the fact that the se¬ 
cretion can occur after the blood supply to the limb is completely shut 
off. Furthermore, the sweat glands can secrete against a higher pres¬ 
sure than the capillary pressure in the glands. 


The sweat nerves are controlled by sweat centers located in the 
central nervous system. The centers may be aroused to activity (1) by 
afferent impulses arising in the skin from heat stimulation; (2) by an 
increase in temperature of the blood flowing through the sweat centers; 

(3) by a change in the composition of the blood such as an increase 
in the carbon dioxide content or the hydrogen ion concentration; and 

(4) by various psychic states, as anticipation, fear, and anxiety. 

Probably the second is the chief way in which the centers arc 

normally activated. Blood flowing through active organs, as liver and 
muscle, may have its temperature raised bv metabolism, or under some 
conditions blood flowing through the skin may have its temperature 
increased by the action of external heat. Blood derived from any of 
these sources under the conditions mentioned might, during its passage 
through the sweat centers, arouse them to action. 

The evidence indicates that the sweat secretory fibers in the cat are 
cholinergic and not adrenergic as would be expected from their sympa¬ 
thetic distribution. The situation in the dog is believed to be similar to 
that in the cat. Adrenaline causes sweat secretion in the horse (Langley 
and Bennett) and sheep. This indicates that the secretory fibers to 
the sweat glands in these animals are adrenergic. In man there are 
both adrenergic and cholinergic fibers supplying the sweat glands. 
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Chapter XXII 


CARBOHYDRATE METABOLISM 


T HE eneigy exchange ol the animal body as a whole, as measured 
by direct or indirect calorimetry or by insensible loss, arises from 
the sum of the metabolic reactions of the individual cells, organs, and 
tissues. Such determinations, however, give only a quantitative meas¬ 
urement of the over-all energy-producing chemical reactions occurring 
within the body cells. This fails to explain adequately, in ehemico- 
dynamic terms, the mechanisms through which energy is developed, 
trapped, and delivered to the active functional “machinery” of the 
animal body for performance of metabolic work, growth, repair, se¬ 
cretion, absorption, excretion, mechanical work, and the like. The term 
intermediary metabolism is employed to include the sum total of these 
processes as related to the utilization of carbohydrates, proteins, lipids, 
purines, water, oxygen, and other substances. It is through these’ rather 
complex mechanisms that the living, dynamic state of the animal 
organism can be developed and maintained under the variable condi¬ 
tions existent and imperative for its normal functional activities. 

Carbohydrate metabolism includes all of these reactions undergone 
y the carbohydrates of the diet (exogenous). Under these are the 
following: (1) the polysaccharides—starch, glycogen, and, in some 
species, cellulose, hemicellulose, and pentosans; (2) the disaccharides 
-maltose, sucrose, and lactose; (3) the monosaccharides—glucose, 

ructose galactose, mannose, and certain pentoses (ribose, desoxvri- 
bose, xylose, and others). ' 

In nonruminants starch, glycogen, and the common disaccharides 
are hydrolyzed enzymatically to the monosaccharides in the alimentary 
canal. These arc normally absorbed into the portal-vein blood by which 
they are transported first to the liver and from this organ through the 
general circulation to all parts of the body. Cellulose, and other con¬ 
stituents of crude fiber, and the pentosans, all of importance in the diet 
lerbivorous animals, are converted, to the extent that they are di 
ecstcl to the lower f„U y acids by microbial fermentation " the 
alimentary canal. Similarly in ruminants the major portions of dietary 
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starch and sugars undergo fermentation in the rumen. Of the volatile 
fatty acids, acetic, propionic, and butyric acids predominate, the first 
two being most abundant, with the relative amounts of these varying 
with time, diet, and pH of the ruminal contents (p. 378). In adult 
ruminants, in which these microbial fermentations occur largely in the 
rumen prior to the entry of the ingesta into the abomasum and small 
intestine, relatively small quantities of dietary carbohydrate escape 
this fate. Should ruminants derive the major portion of their energy 
from these lower fatty acids, glucose and other monosaccharides as 
such would probably play a secondary role in the metabolism of these 
animals (Marston). 


BLOOD GLUCOSE 

Through the circulating blood the nutrients, including sugars, are 
distributed to the living cells that compose the various organs and 
tissues of the animal body. The blood, however, does not come in 
contact with the cells. Their immediate environment is the interstitial 
fluid in which they are bathed, from which they receive their nutrients 
and oxygen, and into which they give off their wastes. These tend to 
be in diffusion equilibrium with the diffusible constituents of the blood. 
The blood constitutes about 8 per cent or 80 ml. per kilogram of body 
weight. If 500 mg. of glucose per kilogram of body weight are injected 
intravenously, or are rapidly absorbed from the alimentary canal, the 
blood glucose will be elevated by 625 mg. per 100 ml. if none is lost 
from the circulation. The usual figure obtained, however, is approxi¬ 
mately one-fourth of this value. The most reliable evidence available 
indicates that the extracellular glucose is fairly well equilibrated in a 
total volume, including the blood and interstitial fluid (glucose space), 
equivalent to 30 to 33 per cent of the body weight (Dye and Chidsey, 
Wick, Drury, and MacKay, 1950). 

The glycemic level or concentration is an important factor in de¬ 
termining the glucose level of the interstitial fluid and, in turn, the 
rate of diffusion of this sugar into the cells. The concentration o 
glucose within the living cells is of primary importance in determining 
the rate at which this sugar is metabolized (Soskin and Levine) an , 
indirectly, the utilization of other metabolic substances. This is ap 
parently true for all organs and tissues. In this light the blood-glucose 
level plays an important role in determining the rate of glucose en ry 
into the cells and, in turn, its utilization by these cells, whether 
process involved is one of oxidation, storage, conversion into a , o 

the like. . 

Under postabsorptivc conditions blood sugar is glucose. ur 



CAR BOHYDRATE METABOLISM 


521 


periods of absorption traces of other monosaccharides may appear in 
the blood. The ranges of blood sugar values vary from species to 
species ip. 49). It is obvious that the variations within and between 
the species are considerable. The variability in glycemic levels between 
animals of a given species may be related to the nutritive state and 
carbohydrate stores relative to their requirements for energy. 

The glycemic levels of newborn ruminants approximate those of 
nonmminant mammals, but these decrease rather rapidly during the 
first. 6 to 7 weeks of life and then more slowly up to about the sixth 
month, when approximately adult values are reached. These changes 
appear to parallel closely the functional development of the rumen 
(McCandless and Dye). The available evidence supports the conclu¬ 
sion that the low glycemias of adult ruminants are due to one or both 
of two factors: (1) the fermentation of a major portion of the dietary 
carbohydrates to the lower fatty acids by microbial action in the 
rumen and (2) almost complete disappearance of glucose from the 




522 


PHYSIOLOGY OF DOMESTIC ANIMALS 


blood corpuscles, while the plasma-glucose levels are maintained during 
the first 4 to 5 weeks (Reid, 1950, 1953). According to Reid, there is 
an associated decrease in the arteriovenous blood-glucose difference 
and a steady rise in the levels of blood volatile fatty acids during the 
first 3 months of life. It is well established that there is no appreciable 
rise in the blood-glucose levels of adult ruminants in response to feed¬ 
ing or a significant diurnal variation in the glycemic levels of normal 
ruminants when fed ad libitum. 

The cause of the extremely high blood-glucose levels in birds has 
not been satisfactorily explained (Fig. 132). The basal metabolic rates 
of these animals do not differ significantly from those of mammals of 
the same body weight (Fig. 147). The high blood sugar levels of normal 
birds must, however, have a physiological relationship to the metabolic 
requirements and supply of energy to the tissues. That the pancreatic 
islets of some species of birds are relatively poor in insulinogenic or 
(3-cells and relatively rich in glucagon-producing or a-cells is now 
known. (Glucagon is the hyperglycemic factor.) These facts may be 
associated with the physiological regulation of the blood sugar level 
in these species. 

Sugar may be added to the blood in one or more of the following 
ways: (1) absorption from the alimentary canal, (2) breakdown of 
liver glycogen—glycogenolysis—but not muscle glycogen, and (3) 
gluconeogenesis, or formation of glucose from noncarbohydrate sub¬ 
stances such as amino acids, glycerol, propionic acid, and others- 
Gluconeogenesis occurs principally in the liver but also to a snlft 
extent in the kidneys (p. 535). Sugar may be removed from the bloo 
and interstitial fluid by (1) oxidation in the cells, (2) storage as g y 
cogen, (3) excretion by the kidneys when the glycemic level rises a ove 

the renal threshold, and (4) conversion to fat by the liver, 
tissue, and possibly other tissues (Stetten). It will be observe ^ 
glucose is the common intermediary metabolite in carbohyf ra^ 
metabolism, since other utilizable monosaccharides are converte o 
sugar before they are further metabolized (Fig. 133A). 

In nonruminant animals and during the first few weeks o 
young ruminants an appreciable postprandial hyperglycemia ■ ^ 
normally. Its magnitude varies widely and is closely rela ec 
quantities of dietary carbohydrate and glucose-producing su 3 oge 
The liver and kidneys are probably the sole sources of b oo ^ 
under conditions of fasting and starvation and in diets dc\oi o 
hydrate. Since the liver is the primary site of deamination 0 j rnn i 3 
acids, little if any of the energy turnover of hepatectomizc f g eve re 
comes from protein (Bollman, Mann, and Magath, 1 



CARBOHYDRATE METABOLISM 


523 


damage to the liver, by disease or other cause, is equivalent to a partial 
or complete hepatectomy, depending upon the degree of loss of func¬ 
tional tissue. This organ, however, has a high capacity to regenerate its 
functional cells as long as some normal tissue remains (Bollman and 
Mann, 1936). 

METABOLIC MECHANISMS 

What may be termed the metabolic machinery of the living cells 
consists of (1) cellular enzymes proper, which are cellular proteins; 
(2) coenzymes or prosthetic groups, which may or may not combine 
permanently with the related enzyme and which are nonprotein organic 
substances, containing in many instances one or more of the B-vita- 
mins or a phosphate group with an energy-rich bond (p. 269); and (3) 
cofactors, divalent ions such as Mg 44 , Mn H , Co 4 *, and Ca 4 * (p. 524). 
It now appears that the hormones function as regulators of metabolism 
by modifying the rates of specific enzymatically catalyzed biochemical 
reactions, which tend to occur without them. 

The enzymes are usually specific in relation to the substrate upon 
which they act catalytically; they affect only the rate of the specific 
reactions which they catalyze and not the point at which an equilibrium 
is reached between the substrate and end products (equilibrium 
constant). The direction and magnitude of reversible, enzymatically 
catalyzed reactions depend upon the relative concentrations of the 
determining reactants on the two sides of the equation, their energy 
relations, and, in some cases, the pH. When the energy levels of the 
substrate and end products are markedly different, the reaction is ir¬ 
reversible, but when these are not appreciably different, the reaction 
is essentially reversible. Irreversible reactions are indicated by a single 
arrow, reversible ones by two arrows. 

Figs. 133A and 133B diagrammatically embody the fundamental 
biochemical reactions and interrelations by or through which meta¬ 
bolic processes are effected—namely, glycogenesis; glycogenolysis; 
glycolysis, by which energy may be derived anaerobically; gluconeo- 
genesis; oxidation of carbohydrates, fatty acids, and amino acids; 
mterconversion of one substance into another; ketogenesis; antiketo- 
gcnesis; and other processes. To understand the fundamentals of 
carbohydrate, protein, fat, and energy metabolism, these mechanisms 
and their interrelationships must be understood. 

The primary metabolic substances absorbed from the alimentarv 
cnna (exogenous) or supplied from the body constituents (endogen¬ 
ous) for metabolic purposes are relatively stable substances. Before 
hose can be used metabolically, a certain quantity of energy must 
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be expended to energize them whether they are employed for oxida¬ 
tions and energy, storage, syntheses, interconversions, secretion, ab¬ 
sorption, growth, or repair. Just as one must apply a certain amount of 
energy to kindle a fire, such as a spark or a flame, so it is equally im¬ 
perative to expend energy on glucose or other substance in order to 
initiate the essential chemical reactions by which their inherent energy 
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nized, but poorly understood (Dickens, Cohen). The best known of 
these is the so-called nonphosphorylative liexosemonophosphate shunt 
or pathway indicated graphically in Fig. 140 (p. 567). This pathway is 
especially active in the liver and kidneys. It is estimated that, under 
certain conditions at least, more than half of the conversion of glucose- 
6-phosphate to trioscphosphate occurs via nonglycolytic pathways 
(Bloom, Stetten, and Stetten). 

Phosphorylation of the entering monosaccharides is accomplished 
by adenosine triphosphate (ATP), in which the two terminal phos¬ 
phate groups are attached by energy-rich bonds ('-', each with approxi¬ 
mately 12,000 calories per mole), and is enzymatically catalyzed by 
hexokinase or glucokinase if the sugar is glucose, by fructokinase if it is 
fructose, or galactokinase if it is galactose. The distribution of these 
enzymes in different cells will determine whether a given tissue can 
metabolize one or more of these sugars. Hexokinase is present in most 
animal tissues, while glucokinase occurs mainly in the liver and 
muscles. Fructokinase has been demonstrated in liver, intestinal 
mucosa, skeletal muscles, and brain. Galactokinase appears to be 
restricted to liver and kidney cells. The conversion of galactose to 
glucose-1-phosphate involves the so-called Walden inversion mechanism 
as indicated in Fig. 133A (Leloir). 

Sooner or later each of these phosphorylated monosaccharides is 
converted to glucose-6-phosphate, in which form they lose their specific 
identities and beyond which they are metabolized like glucose. From 
this point they follow one or more of the channels indicated by the 
arrows, depending upon the prevailing conditions and the tissue. They 
may be synthesized to glycogen, undergo glycolysis, or, in the case of 
liver, kidneys, and possibly intestinal mucosa, be converted to blood 
glucose by the enzyme glucose-6-phosphatase. A second phosphoryla¬ 
tion by ATP occurs enzymatically during the process of glycolysis in 
the conversion of fructosc-6-phosphate to fructose- 1 -6-diphosphate. In 
this manner the energy of two energy-rich phosphate bonds from A 
has been expended to energize each of these sugars to a point at wine 
it can be employed for energy purposes, one at the hexokinase level, t c 
other at the phosphohexokinnse level. In the resultant phosphor} late 
sugars the phosphate bonds have an energy value of only approxi 
mately 3000 calorics per mole; three-fourths of the original phosp a e 
bond energy is wasted as heat. Throughout the glycolytic eye e e 
phosphate-bond energy is of this low value except at two pom 
namely, those at which it is raised to the 12 , 000 -calorie level b> oxi a 
tion or by enolization, as described under oxidation of glucose. 

Oxidation of Glucose. A very significant portion of the ener 
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produced by the normal animal is derived from the oxidation of glu¬ 
cose; the final products are carbon dioxide and water. The mechanisms 
involved in these processes lie in the glycolytic and tricarboxylic acid 
cycles. In animals the oxidative process is primarily one of dehydro¬ 
genation and removal of electrons (e). The essential steps in glycolysis 
are: (1) glucose is esterified with phosphate, first at C-6 and later at 
C—1; (2) the hexose-diphosphate is then split into two triose-phosphate 
molecules; (3) each triose-phosphate is oxidized by the removal of 
211* + 2e; (4) each triose-phosphate is later dehydrated, with the 
formation of enolphosphate. Oxidation occurs at only one stage of 
glycolysis regardless of the tissue involved or the presence or absence 
of oxygen. Under anaerobic conditions oxidation is effected through 
the transport of 2H + + 2e by coenzyme I (diphosphopyridine nucleo¬ 
tide, DPN) to an acceptor other than oxygen, namely, pyruvic acid, 
which is reduced thereby to lactic acid. So long as lactic acid can be 
buffered, this process may continue; however, these reactions cease 
when the buffer systems are exhausted. The reversal or prevention of 
this process occurs when sufficient oxygen is immediately available. 

When glycolysis occurs under aerobic conditions, the 2H + + 2s are 
transported stepwise by DPN and FAD (flavo-adenine dinucleotide) 
to the cytochrome system. This system effects the removal of an 
electron from each H-atora to form H\ The cytochrome, in turn, is 
oxidized by transfering 2e to O z /2 which then serves as the hydrogen 
acceptor; the final reaction is 2H + + 0 = —» H z O. The production of 
carbon dioxide in the oxidation of glucose or other substances is not 
accomplished, as was once believed, by the direct oxidation of carbon 
by molecular oxygen, but by decarboxylation or removal of C0 2 from 
the -COOH of intermediate organic acids at the places indicated by 
-C0 2 in the diagram of the tricarboxylic acid cycle. These processes 
of oxidation and decarboxylation proceed stepwise until the metabolite 
is completely oxidized. 

In order to maintain a ready supply for energizing the metabolic 
reactions, ATP is generated continuously by phosphorylation of adeno¬ 
sine diphosphate (ADP). This requires the metabolic generation of 
energy-rich phosphate which can be transferred, with little or no loss 
of energy, to ADP to form ATP. The following reaction is also pos¬ 
sible: 2ADP -* ATP + AMP. Endergonic generation of energy-rich 
P msphatc bonds can be effected through oxidative processes, as indi¬ 
cated in the glycolytic and tricarboxylic acid cycles, by dehydrogena- 
ion (-2H) of diphosphoglyceraldehyde to diphosphoglyceric acid, lactic 
acid to pyruvic acid, succinic acid to malic acid, malic acid to oxala- 
cetic acid, and so on. It is also generated in glycolysis by enolization, 
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as in the conversion of 2 -phosphoglyeeric acid to enolphosphopyruvic 
acid by dehydration. 

The generation of energy-rich phosphate bonds associated with the 
dehydrogenation, the transport of 2 H + 4 2e, and ultimate separation 
of electrons from the hydrogen in preparation for its combination with 
oxygen is also a stepwise process. Theoretically the over-all net free 
energy in “aerobic glycolysis” and complete oxidation of one mole of 
glucose is equivalent to about 40 energy-rich phosphate bonds ('-'P). 
When this energy is expended, some is wasted as heat. The net useful 
energy from glycolysis and ultimate oxidation of the pyruvic acid or 
other substances formed is stored endergonically in the synthesis of 
ATP by the processes indicated above. Apparently ATP is the primary 
immediate source of energy available for metabolic work, growth, 
absorption, secretion, physical work, and other energy requirements. 

The over-all total free-energy change from anaerobic glycolysis of 
glucose is 36 kilocalories per mole. Since two energy-rich phosphate 
bonds arc used to energize this amount of glucose for glycolysis while 
four such bonds are generated by it, the net gain is two energy-rich 
phosphate bonds or approximately 24 kilocalories. The efficiency of 
this process may be expressed as 24/36 or 67 per cent. On the other 
hand, when glucose is glycolyzed in the presence of adequate oxygen, 
an additional six, or total of eight, energy-rich phosphate bonds are 
generated in the transport of hydrogen by way of the coenzymes to 
cytochrome and oxygen to form water. When glucose is completely 
glycolyzed and oxidized to carbon dioxide and water, a total of 686 
kilocalories are liberated and associated with the generation of a 
minimum of 40 energy-rich phosphate bonds per mole of glucose so 
oxidized. The efficiency of aerobic glycolysis would be 96/686 or 14 
per cent, while that of complete oxidation of glucose would be 480/686 


or 70 per cent. 

Under resting conditions practically all of the ADP has been 
changed to ATP, since a minimum of the latter is being utilized an 
phosphate is tied up; glycolysis and carbohydrate oxidation are at a 
minimum. With the use of ATP, inorganic phosphate is liberated an 
glycolysis will be increased. In this manner the ATP:ADP ra io 
becomes a controlling factor in the regulation of the rate of gl> c0 > s,s 


with changing conditions (Potter, 1950). , 

The metabolic fate of pyruvic acid may follow any one or more o 
three pathways: ( 1 ) synthesis to glycogen; ( 2 ) carbox.v lation 
oxalacetic acid (CO a fixation—Wood and co-workers; Marshall an 
Friedberg), a necessary metabolite if acetyl Co A is to cn |^ r ^ 
tricarboxylic acid cycle (p. 525); and ( 3 ) energization to acety 
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and combination with oxalacetic acid to form citric acid of the tri¬ 
carboxylic acid cycle (Fig. 133B). The formation of acetyl~CoA 
consists of an oxidative decarboxylation of pyruvic acid in the pres¬ 
ence of pyruvic oxidase, the coenzyme lipothiamide pyrophosphate 
(LTPP), coenzyme A (HS-A), and DPN (p. 568) as indicated in Fig. 
134. The mechanism of oxidation of pyruvate in this manner is ap¬ 
parently identical in liver, muscle, and probably other tissues. 
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Fia. 134. A scheme to indicate the steps in the metabolic mechanism for the 
oxidative decarboxylation and activation of pyruvate to acetyl~CoA and its 
entrance into the oxidative cycle. 


In the liver, however, only a small portion of the glycogen or glu¬ 
cose runs the fate of glycolysis and oxidation. A considerably larger 
portion of it is released from glucose-6-phosphate by glycogenolysis, 

catalyzed by glucose-6-phosphatase, and passed into the blood as 
glucose. 


GLYCOGEN 

Since the portal blood passes first to the liver, carbohydrate metab- 
o ism may be said to begin with the formation of liver glycogen but 
ie reason for this lies primarily in its position of priority in the portal 
circulation. Depending upon conditions in the body as a whole in rela- 
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tion to the blood-glucose level, a hyperglycemia in the portal blood, 
due to absorption from the intestine, may effect one or more of the 
following (I'igs. 133A and 133B): (1) an increase storage of glycogen, 
(2) an increased glycolysis to pyruvic and lactic acids, (3) an increased 
conversion of glucose to fat via glycolysis and the tricarboxylic acid 
cycle, and (5) oxidation of glucose via these same cycles for the energy 
purposes of the liver. The importance of the liver as a temporary place 
for the storage of glycogen will be discussed further on p. 531. 

Glycogen is present to some extent in practically all tissues and in 
all species of animals. It occurs in greatest concentration in the liver, 
but in this organ it varies in amount from species to species and also 
within the individual animal according to varying states of nutrition 
and health. It subserves a function both of carbohydrate storage and of 
energy source for this gland. Its presence can be demonstrated both 
chemically and histologically. It is deposited primarily in the cyto¬ 
plasm of the hepatic cells but may also be found in the Kupffer cells. 
Under usual conditions the liver of the rabbit contains 5 to 7 per cent 
glycogen, that of the dog 3 to 4 per cent, and that of the normal preg¬ 
nant ewe 3.8 per cent (Roderick, Ilarshfield, and Merchant). The liver 
makes up approximately 3 per cent of the total body weight but varies 
considerably in size and weight with the state of nutrition and health of 
the animal. Fasting results in a marked diminution in both the weight 
and the size of this organ. After a heavy carbohydrate feeding the rab¬ 
bit's liver may have a glycogen content of 12 per cent by weight, or a 
total of 8 to 10 gm. The livers of dogs may store as much as 20 per cent 
glycogen following intravenous injection of large amounts of glucose. 
This is probably the maximal glycogen capacity of the liver in this 
species (Butsch). The liver of a man of average body weight (70 kg.) 
may store glycogen in amounts up to 150 gm. or approximately 7 per 
cent by weight. 

The range of muscle glycogen varies from 0.5 to 1 per cent } 
weight, with an average of 0.7 per cent. The primary source of muse e 
glycogen is synthesis from blood glucose. Normally muscle glycogen 
levels are more stable than those of the liver. The presence of glycogen 
in muscle and other extrahepatic tissues is primarily related to w 
energy mechanisms concerned with the metabolism and function o 
these tissues; it is not a direct source of glucose supply to the 
and other tissues. However, some of the end products of gl>c°ysis m 
muscle, lactic and pyruvic acids, may enter the blood and return o^ 
liver, in which they can be reconverted to glucose and gly<ogen a » 
in turn, to blood glucose. This complete series of events is known 
the Cori cycle (1939). In dogs that have been fed liberally with car 
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hydrates shortly before killing, the following average percentage dis¬ 
tribution of glycogen was obtained: muscle, 44.23; liver, 37.97; bone, 
9.25; skin, 4.49; viscera, 3.81; heart, 0.17; brain, 0.09; blood, 0.015. 
Less than one-half of the total glycogen is found in the liver. Since the 
muscles compose approximately 50 per cent of the body weight, even 
though their glycogen content on a percentage basis is low, they may 
account for 50 per cent or more of the total body glycogen. The total 
content of carbohydrate in the bodies of young dogs has been shown to 
be equivalent to 4 to 5 gm. of glucose per kilogram or 0.4 to 0.5 per 
cent of the body weight (Dye, unpublished). This includes glycogen, 
glucose, lactic acid, and probably other intermediate substances of 
carbohydrate metabolism. 

The glycogen of muscles and other extrahepatic tissues is constantly 
being used for their metabolic activities and is restored primarily by 
synthesis from blood glucose. As the glycemic level falls, it is largely 
restored through hepatic glycogenolysis. It should be remembered that, 
since the liver, kidneys, and possibly intestinal mucosa are the only 
organs which contain a glucose-6-phosphatase, they are the only organs 
which can supply glucose to the blood. Under postabsorptive and fast¬ 
ing conditions this function of the intestinal mucosa is of little conse¬ 


quence. From a quantitative viewpoint, the kidneys are also relatively 
much inferior to the liver as a source of blood glucose (p. 535). It is 
apparent that the liver, through the process of a regulated glycogenoly¬ 
sis, ordinarily maintains the normal percentages of blood glucose and 
muscle glycogen (p. 534). Not all of the muscle glycogen is synthesized 
from glucose originating from liver glycogen; some of the glucose ab¬ 
sorbed escapes conversion to glycogen in the liver, enters the blood, and 
may be converted to muscle glycogen. Lactic and pyruvic acids within 
the muscles or in the blood are possible immediate precursors of muscle 
glycogen; amino acids and fatty acids are not. 

Formation of Glycogen (Glycogenesis). Until recently the crucial 
test employed to determine whether a substance is metabolically a 
g ucose former, anti in turn glycogenic, was to administer the material 
m question to an animal whose liver had been depleted of its glycogen, 
as far as possible, by fasting, exercise, and exposure to cold. After a 
Suita le period of time liver samples were obtained by biopsies or after 
i ing the animal and examined chemically to determine their glycogen 
content. A positive test is based on a net increase in liver glycogen. For 
other methods the reader is referred to p. 562. 

A new method of studying this or any other problem in intermedi¬ 
ary metabolism—for example the breakdown, synthesis, or inter¬ 
conversion of organic molecules in the animal organism—has been em- 
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ployed in recent years. It involves the use of isotopes of the elements 
that make up the organic compounds, namely C, H, O, N, S, P, and 
others. One or more of these is introduced into the substances to be 
tested metabolically to serve as tracers of their fates. In biological 
studies two types of isotopes are available: the naturally occurring 
stable isotopes of hydrogen, carbon, nitrogen, sulfur, and others, and the 
artificially produced radioactive isotopes, a great number of which 
have been prepared. Isotopes of a given element have practically 
identical chemical properties and are therefore indistinguishable and 
treated alike by the cells (Schoenheimer). Organic compounds whose 
only differences lie in their isotopic content are metabolized in the 


same manner. 


By these methods it can be demonstrated that feeding glucose, 
fructose, galactose, and other carbohydrates that give rise to these 
sugars results in an increased content of liver glycogen. Other sub¬ 
stances are glucogenic, and in turn glycogenic, only if they can gain 
entrance into the glycolytic or tricarboxylic acid cycles. Alpha-keto- 
acids which arise from deamination of certain amino acids, also 
glycerol, lactic acid, propionic acid, pyruvic acid, dihydroxyacetone, 
oxalacctic acid, and all substances illustrated in the tricarboxylic acid 
cycle between citric acid and oxalacetic acid, are potential glycogen 
formers. For any susbtancc to be converted to glucose or glycogen it 
must enter and pass through the appropriate reactions as illustrated in 
the glycolytic and tricarboxylic acid cycles. There seem to be no other 
channels of entry or interconversion. Regardless of whether the im¬ 
mediate source of these substances is from the diet, body tissues, or 
the metabolic pool, the processes are fundamentally the same. 

An extensive literature covering studies on intermediary metabolism 
based on the use of isotopic tracers now exists. The results not on y 
confirm much of the earlier work but shed new light on certain phys 
iological processes which could be obtained only by these or simi ar 
methods. The results of these studies are rapidly being incorpora e 
into our conceptual knowledge concerning intermediary meta o ism 

(Schoenheimer; Schoenheimer and Rittcnberg). 

The principal steps involved in the synthesis and phosphory a 10 

of glycogen and the ultimate oxidation of its products to carbon 10X1 
and water have already been discussed under “Oxidation of » l,c0S 


(pp. 526-529). . 

Present evidence indicates that the higher fatty acids o ® ^j^d 
numbered series are converted into glucose or glycogen in 
amounts, if at all, in the animal body. There is, howc\ cr ’ " 
evidence that fatty acids containing 8, 10, or 12 carbon atoms un 
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co-oxidation in the animal body. In this process the terminal methyl 
group is first converted to a carboxyl group, after which the resultant 
dicarboxylic acids undergo simultaneous ^-oxidation (p. 592) at both 
ends until the 4-carbon stage, succinic acid, is reached. From an in¬ 
spection of the tricarboxylic acid cycle, one sees that succinic acid may 
be converted to oxalacetic acid and, in turn, to pyruvic acid, glucose, 
and glycogen. It should be stated, however, that as the quantities of 
fat undergoing oxidation are increased, proportionately less carbo¬ 
hydrate will be metabolized, whereby a conservation of glycogen will 
be effected. On the other hand, propionic and other odd-carbon fatty 
acids are glycogenic. Those with 5, 7, 9, 11, etc., carbon atoms are split 
stepwise by ^-oxidation into 2-carbon fragments and a final molecule 
of propionic acid; the former are ketogenic but not glycogenic, the 
latter is glycogenic but not ketogenic. It is generally conceded that the 
glycerol of fat behaves in metabolism like glucose; there is no doubt 
that it is a potential glycogen former. Its mode of entry into the gly¬ 
colytic cycle is illustrated in Fig. 133A. 

Of the lower fatty acids produced by microbial fermentations in 
the rumen, propionic acid alone is glycogenic, while acetic and butyric 
acids are ketogenic (p. 378); the necessary conversions occur mainly,, 
if not entirely, in the liver. In addition to the monosaccharides ab¬ 
sorbed as such from the alimentary canal and the glucose synthesized 
from propionate, a large portion (possibly as much as 58 per cent) of 
the absorbed amino acids and the glycerol of fat (about JO per cent) 
may be converted into glucose by the liver. 

By serving as the primary and immediate source of energy for 
synthetic (endergonic) processes, carbohydrates play a pre-eminent 
role in metabolism in general. Approximately two-thirds or more of 
the energy expended by nonruminant species comes ultimately from 
the oxidation of carbohydrate, the available supply being represented 
by the glycogen stores, especially those of the liver and muscles, by 
the glucose continually present in the blood and interstitial fluid, and 
by gluconeogenesis or formation of glucose from noncarbohydrate sub- 
stances. In ruminants a relatively smaller portion of the energy require¬ 
ment is derived from carbohydrate and a larger portion is obtained 

from the lower fatty acids, especially acetic acid (Elsdcn and Phillin- 
son). ^ 

Role of the Liver in the Control of the Blood Sugar Level. Mod- 

ern worlt on the effects of removal of the liver in animals was begun 

by Mann and collaborators, who have studied this question extensively 

I heir principal findings have been verified and extended by numerous 
other investigators. 
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Removal of the liver, hepatectomy, was originally accomplished in 
three stages (Mann, 1927), but it can be done satisfactorily in a single 
operation (Markowitz and co-workers). One hour following the com¬ 
pletion of hepatectomy the animal (dog) appears to be normal and 
remains so for several hours. Ultimately, however, a period of severe 
illness follows, which results in death in about two hours if the animal 
is untreated. The symptoms are “muscular weakness, loss of reflexes, 
flaccidity, return and exaggeration of reflexes, muscular twitching, and 
convulsions" (Mann, 1927). Blood analysis reveals a progressive fall 
in the blood sugar level, which is directly related to the development of 
the symptoms and death. The animal can be restored to an apparently 
normal condition by the administration of glucose. “The effect of the 
intravenous injection of glucose on an animal dying from removal of 
the liver is one of the most remarkable of physiologic phenomena” 
(Mann, 1927). In less than a minute after they seem to be dying, 
animals will walk, drink, and respond in an apparently normal manner. 
If convulsions are present at the time of the glucose injection, they 
disappear at once, consciousness returns, and in a short time the ani¬ 
mals appear normal. 

The liverless animal cannot be kept alive indefinitely by glucose 
injections. After a time secondary symptoms develop which result in 
death in spite of glucose administration. 

To maintain the blood sugar of hepatectomized dogs at the post- 
absorptive level by the intravenous administration of glucose, it is 
necessary to infuse this sugar at a rate of about 250 mg. per kilogram 
of body weight per hour. In fasting animals this requirement is reduced 
to about 180 mg. per kilogram per hour. From these facts it has been 
concluded that under comparable conditions the liver normally sup¬ 
plies an equivalent amount of glucose to the blood, that the extrahe- 
patic tissues utilize similar quantities of this sugar, and that these are 
decreased during fasting. The liver provides this glucose from one or 
both of two sources: (1) breakdown of its glycogen to glucose (g y 
cogenolysis) and (2) gluconeogenesis from proteins, glycerol, lac ic 
acid, and other substances. Since the average quantity of liver glycogen 
is only about 1.5 gm. per kilogram of body weight, it is at most a 
to 8-hour supply at the above rates of utilization. Taken alone, 
glycogen is a relatively unimportant source of blood glucose u ™ n 
long periods of food deprivation. This is a practical point about 
there has been considerable misunderstanding. Most of the cx * 
hepatic glycogen stores do not contribute directly to the main en * an .. 
of blood glucose, but they may contribute indirectly apprecia c 9 l ^ 
tities via lactic acid and gluconeogenesis in the liver during pcrio 
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fasting. Muscle glycogen is only slightly decreased under these condi¬ 
tions. It seems evident that the process of gluconeogenesis from various 
endogenous substances is quantitatively much more important than 

liver glycogen as a source of blood sugar in the absence of dietary 
sources. 

Like fats, carbohydrates are energy-producing foods; but unlike 
fats, they are essential energy jnoducers. “Glucose is not only needed 
for physiologic activity of the central nervous system but is essential 
for life itself (Mann, 1944). If carbohydrates are not supplied in the 
diet, glucose is produced by the liver either from dietary glycogenic 
substances or from mobilized body proteins or fats. During fasting or 
stai vation the animal must depend upon its glycogen stores and upon 
endogenous gluconeogenesis for its glucose supply. Since the available 
glycogen stores are limited, fasting animals soon reach a state of 
complete dependence on gluconeogenesis for a source of blood sugar. 
This increase in gluconeogenesis arises before the liver glycogen is 
depleted. It is now generally believed that gluconeogenesis takes place 
under practically all normal conditions but that it varies in magnitude 
from time to time and is regulated physiologically. The rate of glucose 
production from protein, whether from exogenous or endogenous 
sources, is indicated fairly quantitatively by the urinary urea nitrogen 
(p. 562). Gluconeogenesis plays the major role in maintaining a sugar 
supply to the blood and tissues during fasting and starvation. During 
the first postabsorptive hours of a fast the metabolism shifts from 
carbohydrates to proteins and fats. It must not be overlooked, however, 
that appreciable portions of these substances are converted, through 
gluconeogenesis, to glucose, in which form they are utilized by the 
tissues for energy. The long-chain fatty acids, in part at least, are con¬ 
verted by the liver to the lower fatty acids and ketone bodies and 
oxidized in these forms (p. 592). 

Role of the Kidneys in Carbohydrate Metabolism. By studies 
using fasting hepatectomized animals (rat, rabbit, dog), in one series 
o which isotopically labeled glucose was employed, a number of facts 
iave een demonstrated: (1) There are extrahepatic sources of blood 
glucose (IIlmsworth and co-workers). (2) The kidneys can form glu¬ 
cose rom certain amino acids (gluconeogenesis) and can store small 
amounts of glycogen (Russell and Wilhelmi). (3) They can produce 
pass glucose into the blood, glycogenolysis (Reinecke and Hauser- 

hl 7* i WlCk> ? nd MacKay) * (4) The y can maintain a low level of 

o glucose for hours in the absence of the liver (Reinecke). (5) 

effectTl r , , 7 and 300 mg - per 100 ml - have little or no 

effect upon renal gluconeogenesis; the same amount of glucose appears 
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to be contributed to the blood by the kidneys of normal and untreated 
diabetic dogs; insulin has no apparent effect on the rate of addition of 
glucose to the blood by the kidneys (Cohn and Kolinsky). (6) The 
kidneys can convert fructose to glucose (Stewart and Thompson). 

The Effects of Fasting on the Blood Sugar Level. There are 
marked differences among the species in their ability to maintain 
normal blood sugar levels during fasting; the dog, eat, pig (Hanawalt 
and Sampson), and man seem to do it without difficulty. One reason for 
this appears to be a well-developed endogenous gluconeogenic mecha¬ 
nism. This involves two separate processes: (1) mobilization of body 

Fio. 135.—The blood 
sugar level and the 
weight of dairy cattle 
(five heifers) as influ¬ 
enced by fasting (9 
days). The rise in 
blood sugar on the 
seventh day is ac¬ 
counted for by the 
fact that the cattle 
broke out of the pad- 
dock and ate some 
food the evening be¬ 
fore. Note that the 
blood sugar level did 
not return to normal 
after feeding until sev¬ 
eral days had elapsed. 
(From Hodgson, Rid¬ 
del, and Hughes, Jour¬ 
nal of Agricultural Re¬ 
search, 1932, 44.) 

materials such as proteins and fats and (2) the gluconeogenic acti\ity 
of the liver. Evidence is accumulating to show that the control o 
mobilization is the more important factor, gluconeogcncsis in the h' cr 
being secondary to it. A second possible factor may be a species 
difference in the relative balance between the specific effects of insu in. 
growth hormone, and corticoadrenal hormones on the tissue ce 
(p. 548). In cattle fasting has been observed to cause a marke a 
in blood sugar, which did not return to normal after feeding un i 
several days had elapsed (Fig. 135). This is also true for the ca , “ 
the return to normal is more rapid (Cook and Dye). In the s icep ^ 
evidence is conflicting. Allcroft and Strand found that a fast o se ' ^ 
days did not alter appreciably the blood sugar level, whereas amp 






CARBOHYDRATE METABOLISM 


537 


and Boley (1940) obtained a definite drop in their ewes during fasting 
(Fig. 136). In the diabetic calf the blood sugar will drop to hypoglycemic 
levels during fasting (Cook and Dye; McCandless). In depancreatized 
hens, rabbits, goats, pigs, and monkeys the blood sugar level usually 
drops to normal or below when the animals are fasted. In each of 
these species the gluconeogenic mechanism is presumably less well de¬ 
veloped than in the dog, cat, pig, and man. The difference is probably 
in the mechanism for mobilizing body substances for gluconcogenesis 
since the liver is able to carry out this process from similar materials 
coming to it from the digestive tract. 


Fio. 136.—Effect of fasting on 
the levels of serum calcium, 
blood sugar, and blood ketone 
bodies in the ewe. The values 
are the averages for five ani¬ 
mals. Two trials were run. The 
results of the first trial are 
shown by solid lines; the second 
by broken lines. (From Samp¬ 
son and Boley, Journal of the 
American Veterinary Medical 
Association, 1940, 96.) 



, H yp°8 1 y« m 'a in Newborn Pigs. Sampson and co-workers have 
described a disease in newborn pigs which is characterized bv intense 

nonnf CXtro,ncly ,ow livcr elycogen, an increased level of 

week of C L n r ° g r? " th ° bl ° 0d ' “ nd high mortali< -y- The entire first 
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* e pigs fail to obtain food. Glucose therapy in the earlv 
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he terminal stages of the disorder it is ineffective. Maltose and 

mannose are much less effective; other sugars tested were of question 

abU value. A condition indistinguishable from the spontaneously 0 c- 

g isease can be produced experimentally by fastinc newborn 
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pigs for 36 to 48 hours. The evidence indicates that hypoglycemia is 
the significant change in both conditions. Sampson and Graham have 
studied experimental insulin hypoglycemia in newborn pigs. In ex¬ 
perimental insulin coma, 

permanent functional damage of the brain and so-called irreversible coma as well 
as sudden dealh may ensue if pigs are maintained in a state of comatose hypo¬ 
glycemia for approximately four or more hours. Injections of glucose hasten 
recovery from hypoglycemia of short duration, but may have little value in over¬ 
coming the effects of prolonged hypoglycemia. 

These three forms of hypoglycemia are illustrated in Fig. 137. 

Weanling pigs show only a moderate fall in the blood sugar level 
in fasting up to four weeks (Hanawalt and Sampson). In these animals 
the glucostatic mechanisms are evidently well established. 

REGULATION OF CARBOHYDRATE METABOLISM 

The metabolic history of carbohydrates in the animal body, par¬ 
ticularly in relation to glycogen storage, blood sugar level, and carbo¬ 
hydrate oxidation, is markedly influenced by a number of regulatory 
mechanisms of which the following are most important: (1) the con¬ 
centration of glucose in the blood; (2) the homeostatic mechanism of 
the liver; (3) the epinephrine or sympathetico-adrenal mechanism; (4) 
the hyperglycemic factor, glucagon, secreted by the a-cells of the 
pancreatic islets; (5) insulin, secreted by the (3-cells of these islets, 
(6) certain anterior pituitary hormones, notably adrenocorticotrophic 
hormone (ACTH) and somatotrophic or growth hormone (STH); (7) 
the Cn-oxygenated adrenocortical hormones (ACHs); and (8) the 
androgens. 

Glucose Concentration. A basic factor in the control of glucose 
utilization (the removal of glucose from the blood) and oxidation o 
this sugar to C0 2 and H 2 0 has been demonstrated experimentally to 
be blood glucose concentration (Wierzuchowski; Soskin and Levine, 
Bouckaert and de Duve). A large portion of the glucose removed from 
the blood (utilized) goes into pathways other than immediate oxi a 
tion (Wick and Drury). At blood glucose concentrations between 
normal glycemic level and that sufficient to saturate the enzyme sys^ 
terns involved, glucose utilization is normally proportional to its con 
centration. This fact is explainable in terms of diffusion gradien s an 
the law of mass action. Apparently the site of action of this concen r 
tion effect is largely at the point of entry of this sugar into e ® ^ 
namely, the cell membrane, or upon the enzyme hexokinase, ^ 
catalyzes the phosphorylation of glucose, in the presence o ' . g 

glucose-6-phosphate. The rate of synthesis of this phosp a c es 
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Fio 137. Upper, severe spontaneous hypoglycemia; middle, hypoglycemic coma 
produced by fasting; and loxver, hypoglycemic coma produced by insulin injection 
in newborn pigs. Increasing stupor and finally coma are manifested as the blood 
sugar level continues to fall below 40 mg. per 100 ml. Convulsions may or may 
no be observed ,n hypoglycemia of the pig. Note that in the middle figure the 
> control or nonfasted pigs show no symptoms of hypoglycemia. The normal 
unge of the blood sugar level of newborn pigs is about 60 to MO mg per 100 ml 
with an average of approximately 100 mg. (Courtesy of Drs. Sampson Han^wTu 
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increased proportionately as the concentration of glucose within the 
cell is elevated; storage of glycogen, synthesis of fat from glucose, 
oxidation of glucose to C0 2 and H 2 0, and other metabolic fates of 
glucose are accelerated. 

The peripheral tissues cannot accommodate themselves to a supply of blood 
sugar which is less than that available at normal blood-sugar levels. Under these 
circumstances the minimal rate of carbohydrate utilization persists, and it must 
be carried on at the expense of tissue carbohydrate stores if it is to proceed at all 
fSoskin]. 


Homeostatic Mechanism of the Liver. The liver plays a central 
role in blood glucose regulation and glucose tolerance (p. 551). Its 
general functions of glycogenesis, glycogenolysis, and gluconeogenesis 
have been described. Independent of hormonal and nervous regulation 
of carbohydrate metabolism, to be discussed later, this organ has an 
extremely important intrinsic mechanism of its own which is primarily 
concerned with the maintenance of a normal blood sugar level. This 
is known as the homeostatic rnechanism of the liver. The basic princi¬ 
ples underlying this mechanism of the liver have been studied and ex¬ 
pressed quantitatively by Soskin and co-w T orkers and by Bouckaert 


and de Duve. Under conditions of fasting and normal endocrine balance 
the liver is adding small quantities of glucose to the circulating blood 
more or less continuously. This tends to maintain a rather constant 
glycemic level in the absence of dietary carbohydrate intake. There is, 
however, a concentration of blood glucose, known as the hepatic thresh¬ 
old, at which the output of glucose by the liver is completely inhibited 
and at which this sugar is neither stored nor added to the blood (Searle 


and ChaikofT). The balanced action of the endocrine secretions deter¬ 
mines the glycemic level at which the liver is inhibited. “In the normal 
animal the endocrine balance is such that the liver is inhibited within 
the (glycemic) range GO to 90 mg. per cent” (Soskin). At glycemic 
levels higher than this range glucose is removed from the blood an 
3torcd as liver glycogen (glycogenesis). When the glycemic level again 
falls below this threshold, hepatic glycogenolysis is initiated and con 
tinues at a rate commensurate with the glucose requirements necessary 
to maintain the blood-glucose concentration at approximately norma 
levels. In this homeostatic mechanism lies the fundamental physio 
logical basis for the maintenance of a relatively constant glycemic eve 


and for glucose tolerance (p. 552). # ... 

This hepatic threshold varies somewhat with the species an wi 
the existing endocrine balance. An injection of insulin or an 
secretion of this hormone by the pancreas will lower it apprecia 
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and will be associated with a hypoglycemia, whereas a deficiency of 
this hormone or an excess amount of growth hormone, ACTH, or ACHs 
will cause it to rise markedly and will be accompanied by a hyper¬ 
glycemia. In diabetes mellitus the hepatic threshold is high. Small 
amounts of sugar absorbed from the intestinal tract of normal animals 
may be fully compensated for by hepatic inhibition alone; larger 
amounts will invoke hepatic storage; and still larger amounts will 
produce in addition a hyperglycemia in the systemic blood and an 
increased utilization of sugar and glycogen storage in the extrahepatic 
tissues. The rate of glycogen deposition depends upon and tends to be 
proportional to the concentration of blood glucose (Soskin). 

Sympathetico-adrenal System. It is the primary function of the 
sympathetico-adrenal system to maintain an approximate constancy 
in the living cells under varying conditions of stress, deprivation, ex¬ 
cesses, and the like (p. 806). In subserving this function the system 
plays an important role in carbohydrate metabolism largely by mobil¬ 
izing bodily resources. When epinephrine (adrenaline) is injected sub¬ 
cutaneously into animals, it causes both a distinct hyperglycemia and 
an increase in blood lactic acid. If equivalent doses of this hormone are 
administered intravenously, the effects are qualitatively similar but 
quantitatively much less; the accompanying rise in blood pressure is, 
however, much greater. The primary cause of these differences lies in 
the fact that the physiological activity of epinephrine is rapidly lost 
"hen it comes in contact with blood. Subcutaneously injected epi¬ 
nephrine is absorbed more slowly and the duration of its action is 
more prolonged. 


The site of action of epinephrine is considered to be on the enzyme 
phosphorylase or the mechanism of phophorolysis of glycogen in both 
hver and muscles (Sutherland). In these responses epinephrine is a 
mobilizer of available resources regardless of whether it is injected or 
secreted physiologically. From the liver it mobilizes glucose (glyco- 
genolysis) for distribution to the extrahepatic tissues; in so doing it 
produces a hyperglycemia. In muscles it accelerates glycolysis and in 
urn, glucose oxidation, each of which generates available energv for 

rise eS ? i° f f^ TP • SUpply the existent energy requirements. A 
ise in blood lactic acid normally accompanies an accelerated glyco¬ 
ls in muscles These are the initial effects of the action of this hor¬ 
mone on carbohydrate metabolism. After a few minutes, however 

elvrn P -° C T eS ° f thG natUrG ° f read i l 'stments occur; the liver 
return T bPgmS " hlIe tHe bl °° d laCtic and eJycemic levels slowly 

w <rT »i T lts are efFectc<i by ° nc ° r b ° th ° f foi¬ 
ls. (1) synthesis of hepatic glucose-6-phosphate and glycogen 
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from blood sugar and lactic acid and (2) an increased storage of glyco¬ 
gen consequent to an augmented insulin output by the pancreas as a 
result of the temporary hyperglycemia. 

In the hepatectomized animal epinephrine does not raise the blood 
sugar level, but it still causes a decrease in muscle glycogen and con¬ 
sequently an increase in blood lactic acid. Not only does epinephrine 
affect the carbohydrate metabolism, but it raises the metabolic rate. 
This calorigenic action of epinephrine is believed to be associated with 
the oxidative energy required to convert lactic and pyruvic acids to 
glycogen. 

Excitement, many drugs, ether and chloroform anesthesia, asphyxia, 
and other factors produce hyperglycemia in whole or in part via the 
sympathetico-adrenal mechanism. Sheep from which the adrenals have 
been removed fail to show a rise in blood sugar and lactic acid when 
subjected to conditions (excitement, muscular exercise) that are known 
to increase them in normal sheep (Strand, Anderson, and Allcroft). 

Glucagon, the Hyperglycemic Factor of the Pancreas. It has 
been known for a long time that many commercial insulin preparations 
are contaminated by the presence of a hyperglycemic factor (Bouckacrt 
and de Duve), and by appropriate methods this factor has been sepa¬ 
rated. It is known as glucagon or the hyperglycemic factor (HGF) of 
the pancreas. Largely because of the work of Sutherland, the oi-ce s 
of the pancreatic islets are considered to be the most likely source o 
this factor. Whether it should be considered a hormone is still un 
settled; it is not known whether it is secreted physiologically into t e 
blood to serve a physiological purpose. Like insulin, glucagon is a 
protein. When injected intravenously into animals having adequa e 
supplies of liver glycogen, it causes a hyperglycemia by increasing 
hepatic glycogenolysis in the same manner as docs epinephrine, its ac^ 
tion also appears to be on hepatic phosphorylasc, but unlike epincp irin^ 
it is without effect on glycolysis in muscle. It neither produces aa ^ 
crease in blood lactic acid nor an increase in gluconeogcnesis. ia 
demonstrated by various investigators that diabetes ^proj uc ^ 
alloxan, which selectively causes degeneration of the |j-cc s ^ ore 
pancreatic islets in many species without affecting the a cc s, 
severe than that produced by complete pancreatectomy. ourity. 

Insulin. Insulin is a simple, crystalline protein of Mg » ^ 

relatively low molecular weight (about 12,000), an rema 
bility. From the studies of Sanger and co-workers, it now a ^ are 
insulin is built up from two types of polypeptide c aias rcs idues 
bound together by disulfide bridges extending between cys c _ from 
in adjacent chains. In all, there are probably four c iam 
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each type of polypeptide. Most of the common amino acids are repre¬ 
sented, sixteen in all, with the notable exception of tryptophan and 
methionine. “Although insulin is of all proteins the one most intimately 
known, the knowledge of its structure has to date contributed nothing 
to the understanding of its effect upon carbohydrate metabolism'’ 
(Stetten). 

The site of insulin action now appears to be the same as that of 
the influence of glucose concentrations, namely, on the cell membrane 
(Levine and Goldstein; Goldstein and co-workers; Wick and Drury; 
Stadie) or on the enzymes hexokinase and glucokinase (Krahl) which 
catalyze the phosphorylation of glucose, in the presence of ATP, to 
glucose-6-phosphate. The normal entrance of glucose into the glycolytic 
and tricarboxylic acid cycles depends largely on this action of insulin. 
There is no convincing proof that insulin exerts a direct effect on the 
metabolic reactions which constitute the tricarboxylic acid cycle. By 
employing glucose labeled with isotopic C 14 to trace the metabolic fate 
of administered glucose, Wick and Drury concluded that the terminal 
oxidation of this sugar appears to be independent of insulin action. 
The immediate fate of glucose with or without insulin is qualitatively 
the same; the differences under these conditions are primarily quantita¬ 
tive. Insulin increases 2- to 3-fold both the utilization and the oxida¬ 
tion rates of glucose in the extrahepatic tissues (Wick and Drury). 
Initially the major increase is via nonoxidative pathways; however 
the amounts oxidized to C0 2 and H 2 0 gradually increase to a maximum 
after 6 to 8 hours. At any given blood glucose concentration insulin 
leads to a relatively greater effect than would be produced with glucose 
alone. The action of insulin is to promote at low glycemic concentra¬ 
tions effects which would occur without it only at considerably higher 
blood glucose levels. 

Being a protein, insulin is destroyed by proteolytic enzymes. This 

fact accounts for the early failures to obtain this hormone in extracts 

of the pancreas and also for its ineffectiveness when administered by 
mouth. 

It has been know for many years that the removal of the pancreas 
causes an increase in the amount of sugar in the blood (hypergly¬ 
cemia), the excretion of sugar in the urine (glycosuria), the develop¬ 
ment of a fatty liver due to mobilization of body fat, a rise of blood 
ketone bodies (ketonemia), and excretion of ketone bodies in the urine 
(ketonuria). In short, pancreatectomy causes diabetes. The antidia- 
>etic function of the pancreas is dependent on its secretion of insulin. 

Diabetes has more recently been produced by the administration of 
certain anterior pituitary extracts or hormones (Young) and also by 
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the intravenous injection of alloxan, which leads to selective necrosis 
of the (J-cells of the pancreatic islets, the insulin-secreting cells. With 
these methods of producing diabetes, the secretion of pancreatic juice 
and intestinal digestion remain undisturbed. Experimentally produced 
diabetes, regardless of the means employed, is not of the same severity 
in all species of animals. In the dog, cat, and probably all carnivores 
it is severe and terminates fatally unless controlled by insulin. On the 
other hand, the hen (Batt, 1940a), duck (Sprague and Ivy), rabbit 
(Greeley), goat (Lukens, 1938), sheep (Jarrett; Dye and Woodward; 
McCandless, Woodward, and Dye), pig (Lukens, 1937), and calf 
(Cook and Dye; McCandless and Dye) exhibit mild forms of diabetes. 
In general, it seems evident that those species of animals which are 
unable to maintain their glyeemic levels during fasting have mild forms 
of diabetes when induced by pancreatectomy or alloxan; those which 
do maintain approximately normal blood sugar levels during fasting 
develop severe diabetes by the same methods. 

Lukens points out that the condition seen in the depancreatized 
goat and pig resembles that seen in the pancreatectomized-hypophysec- 
tomized carnivore. This fact also seems to be true for the calf, sheep, 
and chicken. It is possible that the anterior pituitary in these species 
produces smaller amounts of the diabetogenic factor or factors, now 
believed to be the growth and adrenocorticotrophic hormones, the ac¬ 
tion of the latter being entirely indirect via the adrenal cortex and its 
C,,-oxygenated hormones, or that some other endocrine differences 
exist. 

The evidence strongly indicates that the hyperglycemia of pan¬ 
creatic diabetes is caused, in part, by each of the following: (1) a 
decreased rate of entry of glucose into the cells, (2) an exhaustive 
hepatic glycogcnolysis, and (3) an increased rate of gluconeogenesis 
by the liver. These are associated with a moderate depletion of muscle 
glycogen and a reduced rate of glucose oxidation by the extrahepatic 
tissues at any given blood-glucose level. Both the hyperglycemia, an 
ketonemia of diabetes depend upon the presence of a functional liver, 
hepatectomv or marked liver destruction by disease terminates bo • 

In the diabetic animal all the metabolic processes known to he affecte 
by insulin can be promoted in the absence of this hormone provi e 
the blood sugar concentration is sufficiently raised (Bouckaert an 
de Duve). The diabetic animal at its characteristic high blood-g ticose^ 
level utilizes as much of this sugar as the normal animal at its veu 

lower blood-glucose level (Soskin and Levine). # . 

Action of Insulin When Administered to Diabetic Animals. ,n ^ 
in the absence of insulin the rate of entry of glucose into the ce s 
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strikingly reduced, the channeling of glucose via glycolysis into the 
tricarboxylic acid cycle is reduced in probably all tissues and, sec¬ 
ondary to this, glucose oxidation is diminished. Associated with these 
disturbances in carbohydrate metabolism, there is an increase in fat 
mobilization from the fat depots and an increased fat catabolism. In 
a liver relatively devoid of glycolysis or, more specifically, showing a 
deficient supply of pyruvic acid for the synthesis of adequate amounts 
of oxalacetic acid, the entrance of C 2 -fragments (acetyl — CoA) de¬ 
rived from ^-oxidation of fatty acids (p. 592) into the tricarboxylic 
acid cycle for oxidation is markedly curtailed, with the result that 
units of acetyl ~ CoA conjugate to form acetoacetie acid and other 
ketone bodies (Fig. 133B). When insulin is given to a diabetic animal, 
the effect is to restore the normal rate of glucose entry into the cells 
and metabolic cycles; the glyeemic level is depressed; glycogen storage 
in the liver and muscles is increased; the rate of oxidation of glucose 
by the cxtrahcpatic tissues is increased; gluconeogencsis is decreased; 
fat mobilization, fatty acid catabolism, and ketone body production 
soon subside; ketosis and ketonuria disappear; and the metabolism of 
the organism is restored to the normal state. When the insulin supply 
is withdrawn, the manifestations of diabetes return. 

Action of Insulin When Administered to Normal Animals. In 
the normal animal an optimal supply is being secreted by its pancreas, 
which is physiologically regulated to meet the insulin requirements of 
the organism. The injection of additional insulin leads to a temporary 
excess of this hormone. The primary effects of this excess insulin are 
qualitatively similar to, but quantitatively greater than, those obtained 
with optimal amounts of this hormone. If insulin hypoglycemia is pre¬ 
vented by the infusion of glucose, an increase in glucose-6-phosphate 
and glycogen will occur. 


Since the fully insulinized, intact, normal dog utilizes 1.5 gm. of 
glucose per kg. per hour, while in the absence of the liver the maximal 
utilization rate is 0.5 gm. per kg. per hour, Bouckaert and de Duve 
concluded that the higher the insulin dosage, the more it tends to favor 
hepatic glycogenosis. Recently Lang, Goldstein, and Levin, by the use 
of more exact methods, have demonstrated that the removal of glucose 
rom the blood by the perfused hind legs of normal, intact dogs was 
.5 gm. per kg. per hour as compared to 0.6 gm. per kg. per hour by 
e hepatectomized dog. In all cases the animals received, by infusion 
equal quantities of glucose and insulin per unit of body weight. These 
wor ers concluded that the liver appears to promote the peripheral 

age or utilization of the excess sugar rather than to serve as a 
major carbohydrate depot. 
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If a severe hypoglycemia develops as a result of excessive doses of 
insulin, or from some other cause, the blood-glucose supply to the brain 
is insufficient for its metabolic requirements; as a result coma and, in 
some species, convulsions occur. Furthermore, the sympathetic center 
in the posterior hypothalamus is excited (Fig. 138), efferent impulses 
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pass to the adrenal glands via the splanchnic nerves and induce an 
increased secretion of epinephrine. This accelerates the conversion of 
li\ cr glj cogen to glucose, which is added to the blood (glycogenolysis, 

p. 524). Injections of glucose will also abolish the symptoms of hypo¬ 
glycemia. 

Normally a reciprocal interrelationship exists between the output 
of insulin by the pancreas and the secretion of epinephrine by the 
adrenal medulla. An insulin hypoglycemia is an adequate stimulus for 
the sympathetico-adrcnal mechanism which mobilizes glucose into the 
blood, while a hyperglycemia induced by excess epinephrine or other 
cause is similarly an adequate stimulus for the pancreatic islets to 
increase their output of insulin. Normally a physiological balance exists 
between these mechanisms. 

Insulin not only increases glucose storage and oxidation at any 
given glyccmic level but diminishes the utilization of both exogenous 
and endogenous proteins and fats for energy purposes. By these ac¬ 
tions insulin effects a conservation of each of these substances. The ac¬ 
tion of the anterior pituitary diabetogenic mechanism is to mobilize body 
proteins and other substances for gluconeogenic purposes and in part 

to inhibit the entry of glucose into the cells (the anti-insulin effect 
P- 548). 


The symptoms of hypoglycemia resulting from insulin dosage may 
be further considered. In general, they are similar in all species of 
animals, but they are by no means identical. A number of animals 
fail to show convulsions. This is true of the common fowl (Cassidy 
Dworkin, and Finney), the sheep (Bodansky; Strand, Anderson, and 
AUcroft), the goat (Cutler), and the cow (Petersen and co-workers) 
Ah ? pig behaves « in general, similarly to other animals, but it appears 
to be much more sensitive to hypoglycemia than the usual laboratory 
animals (Magee and Harvey; Hanawalt and Sampson). Severe hypo- 
g ycemic convulsions have been observed in the calf (McCandless and 


Other symptoms are present. “In man, one observes hyperirrita- 
1 ity, sweating, pallor, mental confusion, muscular weakness, tremors 

“°° d P { rc f™ re and metabolism and, finally, convulsive 
izuies. Some of these symptoms may be ascribed to the reflex dis- 

S4rt rine " ftCr 7 CatCd C ° nVUlsions ’ -I death 
oiiow (Con . In a goat very large doses of insulin (at least 4 units 

tl shoT?,’ a H ‘° Pr ° dUCC hypoglycemic shock, Id 

the shock IS evident only when the blood sugar has been kent 
at a low level (10 to 20 mg. per 100 ml.) for 5 to 8 hours The 
mp oms of shock in the goat are apathy and sluggishness followed 


I 
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by coma. Glucose injections give prompt and complete relief. After¬ 
effects are apparently lacking (Cutler). 

The primary stimulus for the secretion of insulin appears to be an 
increase in the blood-glucose concentration. A nervous regulation of 
insulin secretion via the anterior hypothalamus and vagi has been 
postulated on the basis of various experiments, but that this control 
is of secondary importance is indicated by the fact that a pancreas 
transplanted to another location in the animal body, and hence de- 
nervated, is able to regulate blood glucose quite normally. 

Roles of the Anterior Pituitary and Adrenal Cortex Hormones 
in Carbohydrate Metabolism. The probable function of certain hor¬ 
mones of the anterior pituitary (AP) and adrenal cortex (AC) in 
carbohydrate metabolism have been suggested in relation to insulin 
resistance and diabetes (p. 549). The following are related but poorly 
understood experimental observations: (1) Marked differences exist 
between various animal species in their ability to maintain relatively 
normal glycemic levels under fasting conditions. (2) Animals which 


can so maintain them develop severe diabetes after pancreatectomy; 
these which cannot, develop milder forms of this disease as a result 
of the same treatment. (3) Animals of different species show variable 
sensitivities to insulin. (4) Different species of animals exhibit varying 
abilities to tolerate glucose when fed or injected intravenously (p. 551). 

From certain experimental results it is apparent that one or more of 
the hormones of the AP and/or AC exert a physiological action on the 
mobilization of endogenous amino acids and gluconeogenesis. Further¬ 
more, it is equally apparent that these facts are related to an endocrine 
balance in relation to insulin on the one hand and certain hormones 
of the AP and AC on the other. Fasting adrenalectomized animals, 
in contrast to normal animals, undergo a rapid decline in liver gly c0 " 
gen, a much slower decline in muscle glycogen, and a development o 
hyploglycemia (Long, Katzen, and Fry). Similar but more dras ic 
disturbances occur in hypophysectomized animals (Soskin an c° 
workers). When fasted, hypophysectomized dogs, cats, and rats rapi y 
develop a severe and fatal hypoglycemia. This is associated wi a 
decreased fasting-nitrogen excretion as compared to that of as * 
normal animals (Engel; Engel and co-workers), which is in ica iv 
of a decreased protein catabolism. However, both adrenalectomize ^ 
and hypophysectomized animals can maintain, after a fashion, no jT^ 
glycemic levels and glycogen stores provided they are fed approp^^ 
amounts of either carbohydrate or protein (but not fat). W en 
animals are fed ad libitum, a hyperglycemia is produced; w en un 
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Hid or fasted, various degrees of hypoglycemia are the rule (Soskin 
and co-workers). 

Long, Katzen, and Fry have shown that the C n -oxygenated ACHs 
are essential in the control of endogenous gluconeogenesis. It is now 
rather universally agreed that these hormones act more or less specifi¬ 
cally in mobilizing amino acids from body protein. This is associated 
with an increased rate of hepatic deamination and conversion of certain 
of the resultant a-ketoacids to glucose (Engel and co-workers). Ac¬ 
cording to White and Dougherty, this action involves primarily the 
lymphoid tissues and, to a lesser extent, the muscles. By the use of 
C 14 -labeled glucose Wilt and co-workers were able to demonstrate that 
cortisone causes a 7-fold increase above normal in the total carbo¬ 
hydrate of the animal body, especially in the liver, and may produce 
a hyperglycemia and glycosuria, but without a concurrent increase in 
glucose oxidation. Since dietary amino acids can be utilized by ad¬ 
renalectomized or by hypophysectomized animals for gluconeogenesis 
and maintenance of the glycemic and glycogen levels, it is evident that 
the primary action of these ACHs is on the extrahepatic tissues. These 
hormones are, however, indispensable to the physiological mechanism 

of mobilization of amino acids from body protein for metabolic pur¬ 
poses. 


In a critical experimental analysis of the roles of the AP and AC 
in relation to insulin and diabetes, de Bodo and Sinkoff obtained defi¬ 
nite proof that the AP secretes two hormones, namely, ACTH and 
STH (somatotrophic or growth hormone), which normally exert an 
anti-insulin or diabetogenic effect and reduce the insulin sensitivity 
of hypophysectomized or adrenalectomized dogs. ACTH has no known 
direct action on physiological processes but exerts its influence in¬ 
directly through its ability to stimulate the AC to elaborate and secrete 
he Cn-oxygenated ACHs. Glucose is removed more rapidly from the 
ood by the tissues of adrenalectomized, than by those of normal 
dogs; this effect is considerably more pronounced in hypophysectom¬ 
ized dogs. Hypophysectomized animals are much more sensitive to 
insulin than adrenalectomized animals, and both are more sensitive 
o this hormone than normal animals. Strand, Anderson, and Allcroft 
mve demonstrated an increased insulin sensitivity in adrenalectomized 
hcep. According to dc Bodo and Sinkoff, prolactin, thyrotrophin, and 

are ofTitt ° tr0phl !’ 8 or thc hormoncs of ,heir respective "target” organs 
are of little or no importance in this relationship. 

Apparently the STH of the AP is the principal diabetogenic hor¬ 
mone e Bodo and Sinkoff; Houssay and Anderson). Prolonged ad- 
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ministration of this hormone alone will lead to the induction of diabetic 
symptoms with toxic manifestations, while simultaneous treatment 
with STH and ACTH or ACHs induces a hyperglycemia which is 
usually not associated with a toxic or permanent diabetes. The hyper¬ 
glycemic effects of STH and ACHs are not additive; on the other 
hand, it appears that the ACHs antagonize, in some manner, the ac¬ 
tions of the STH in carbohydrate metabolism (Marx and co-workers). 

From the evidence now available it is reasonably certain that the 
site of the anti-insulin action of STH is the same as that of insulin or 
of glucose concentration, namely, the cell membrane or the phosphory- 
lating enzymes hexokinase or glucokinase (de Bodo and Sinkoff; Stadie 
and co-workers; Park and Daughaday). Its effect is to decrease or 
inhibit the entry of glucose into the cells. It is known that the AP, 
by means of its output of STH, is concerned with growth in young 
animals. This is associated with nitrogen retention and synthesis of 
protein, a decrease in blood amino acids, and a decreased gluconeo- 
genesis from amino acids. By virtue of its elaboration and secretion 
of ACTH and stimulation of the AC to secrete ACHs, the AP also 
exerts a physiological control of endogenous gluconeogenesis from pro¬ 
tein or amino acids. There is no evidence that STH enhances glycogen 
mobilization or inactivates insulin (de Bodo and Sinkoff). 

If two endocrine glands with antagonistic actions on carbohydrate 
metabolism, such as the pancreas and AP or pancreas and AC, are 
simultaneously deficient, metabolic processes may seem normal under 
certain circumstances. However, if the organism is put to a test, it 
will be found that compensation is lost in both directions; that is, the 
animal will exhibit hyperglycemia after feeding and hypoglycemia 
while fasting (Engel, 1953). The over-all net influence of either STH 
or ACHs and insulin are antagonistic in carbohydrate metabolism 
while they are synergistic in protein metabolism. Both STH and ACT 
via the ACHs have a sparing action on carbohydrate utilization, in¬ 
cluding the deposition of glycogen; however, the former induces its 
effect primarily by inhibiting the entry of glucose into the cells e 
the function of the latter appears to be concerned with the mobilization 
of amino acids from the body protein and increased gluconeogenesis v 
the liver (de Bodo and Sinkoff). Both of these are anti-insulin effects. 
“Hormones may have general over- all effects on body metabolism, u 
preferential actions on certain tissues, and these take precedence o' e 

effects elsewhere” (Engel, 1953). apTH 

The secretory activity of the AP, in relation to its output of 
and STH, may be regulated physiologically by one or more o 
mechanisms (Fig. 138). One is the reciprocal interaction between 
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hormones of the trophic organ (AP) and the so-called “target” organs, 
which establish a sort of “check and balance system” that tends to 
maintain the bodily requirements for these hormones (Sayers; Sayers 
and Sayers). Another involves the action of hypoglycemia acting on 
the posterior hypothalamus and, via the sympathetic nervous system, 
the stimulation of the adrenal medulla to increase its output of epi¬ 
nephrine, which, in turn, excites the AP to an increased secretion of 
ACTH and TSH (Long). According to DeGvoot and Harris, a third is 
a more direct neurohumoral mechanism via the pituitary stalk. 

Sugar Tolerance. Originally the maximal amount of a given sugar 
that could be taken orally on an empty stomach, in man or animal, 
without glycosuria was spoken of as the assimilation limit or tolerance 
for that sugar. In normal men and women an amount of glucose, fruc¬ 
tose, maltose, or sucrose equivalent to 1 gm., and for galactose 0.5 gm., 
per kilogram of body weight can be so tolerated. Following these tests 
the blood-glucose level returns to normal in about two hours. The 
glycemic level at which glycosuria occurs is known as the renal thresh¬ 
old for sugar, normally glucose. For this sugar the renal threshold is 
about 160 mg. per 100 ml. of blood in man; 150 mg. in the horse 
(Link); 100 mg. in the bovine (Bell and Jones); 160 to 200 mg. in 
the sheep (McCandless, Woodward, and Dye); and 260 to 310 mg. 
in chickens (Batt, 1940b). 

The height of the blood sugar rise and its rate of return to the nor¬ 
mal glycemic level following an intravenous injection of glucose or 
other sugar (0.5 to 1 gm. per kilogram of body weight in 50 per cent 
solution) are better indices of the sugar tolerance of an animal than 
those obtained by the oral administration method. In the former two 
possible variables are excluded, namely, absorption of the sugar from 
the intestinal tract and its excretion by the kidneys. The rate of return 
of the glycemic level to normal is proportional to the sugar concentra¬ 
tion. For glucose the normal glycemic level is reached in two to three 
hours, but varies from species to species. A decreased tolerance for a 
given sugar is indicated by an increased glycemic rise following the 
injection of a standard dose of sugar and a slower rate of return to 
the normal level. For this a period of four, five, or more hours may be 
required. Normally glucose tolerance curves are followed by a hypo¬ 
glycemic phase of one-half to one hour in duration. The intravenous 
glucose-tolerance curve of blood sugar constitutes a rapid and re¬ 
producible test for the efficiency of the glucose-regulating mechanism 
of the animal body. 

In mature ruminants the intravenous method for glucose tolerance 
is the only one which will give significant results. Adult ruminants have 
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a decreased tolerance for intravenously injected glucose as compared 
to that of young ruminants. In mature cattle glucose feeding (1.75 
gm. per kg. of body weight) causes little change in the blood sugar 
level, whereas in young calves the hyperglycemic response is marked 
(Kennedy and co-workers). The administration of either glucose or 
cane sugar by drench to ten bovines in doses up to 8 gm. per kilogram 
of body weight did not produce variations in blood glucose outside 
the range of normal fluctuations (Bell and Jones). The primary cause 
of this slight response in adult ruminants to orally administered sugar 
is that the sugar first enters the rumen where all but traces of it is 
fermented to the lower fatty acids, of which only propionic acid is 
glucogenic. With a dose of 0.5 gm. per kilogram, the maximal glycemic 
level was 276 mg. per 100 ml., which returned to the normal level within 
two hours in all cases. Intravenous glucose-tolerance tests on these 
same animals were associated with hyperglycemias which were pro¬ 
portional to the amount of glucose injected. In apparently normal pigs 
erratic blood sugar curves are often seen in glucose-tolerance tests 
(Eveleth and Eveleth). Hanawalt, Link, and Sampson obtained intra¬ 
venous glucose-tolerance curves in normal growing pigs which closely 
resemble those obtained from normal human subjects. In the horse 
of average size, 50 gm. of glucose can be given intravenously in ten 
minutes without reaching the renal threshold (Link, 1940). 

The original belief that glucose tolerance is determined primarily 
by a relative increase in insulin secretion by the pancreas, in response 
to the hyperglycemia produced by the administered sugar (p. 548), 
has been shown to be false (Soskin and co-workers). In depancreatized 
animals receiving a continuous and constant intravenous infusion of 
insulin, at a rate which is just adequate to maintain a normal and 
constant glycemic level, the glucose tolerance curves were perfectly 
normal. On the other hand, glucose tolerance is markedly decreased 
in hepatectomized dogs which have a functional pancreas. These work¬ 
ers have demonstrated that glucose tolerance depends primarily upon 
the homeostatic mechanism of the liver (p. 540). This mechanism is 
affected physiologically by the endocrine balance and other factors 
existent at the time of the test. The balanced action of the endocrine 
secretions, particularly by that of insulin on the one hand and ST 
and ACHs on the other, will determine the level of the blood glucose 
at which the liver will be inhibited from passing glucose into the b oo 
and also the level at which it will favor glycogen storage. The hepa 
threshold is lowered by an increased secretion of insulin into the oo 
or by a subnormal output of ACTH and STH by the AP. Under these 
conditions the glucose tolerance will be increased. On the other an , 
the hepatic threshold is raised by a reduced or complete absence o 
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insulin secretion or by an increased output of ACTH and/or STH. 
These are conditions under which glucose tolerance will be decreased. 

The endocrine balance concerned with the maintenance of the 
glycemic level is normally regulated by the glycemic level itself; the 
latter, in turn, is regulated by the endocrine balance. This autoregula- 
tory system is one in which the glycemic level is the prime mover 
(Soskin and Levine). Normally these physiological interactions tend 
to maintain a glycemic homeostasis. The AP output of STH and 
ACTH is inhibited or decreased while the secretions of insulin by the 
pancreatic islets is stimulated or increased by a hyperglycemia; on the 
other hand, the AP is stimulated to secrete increased amounts of ACTH 
and STH by a hypoglycemia, while its physiological effect on the pan¬ 
creatic islets is to decrease the output of insulin into the blood. It is 
now evident from these facts that normally both a hyperglycemia and 
a hypoglycemia modify the endocrine balance in such a manner as to 
return blood glucose to its normal level. 

Insulin and STH act antagonistically on the rate of entry of glucose 
into the cells, the former producing an increase and the latter a de¬ 
crease; while insulin and ACTH via ACHs act antagonistically on the 
mobilization of body protein and indirectly on endogenous gluconeo- 
genesis from protein by the liver. A hypoglycemia will induce an in¬ 
creased output of STH, which will inhibit the rate of entry of glucose 
into the cells, while an increased output of ACTH via ACHs will 
result in an augmentation of endogenous gluconeogenesis, both of which 
will tend to increase the glycemic level and lower glucose tolerance. 
The same hypoglycemia is associated with a decreased rate of insulin 
secretion. In contrast to this, a hyperglycemia will increase the secre¬ 
tion of insulin, which will facilitate the entry of glucose into the cells, 
and inhibit the output of the AP hormones mentioned above. Each of 

hese will tend to lower the glycemic level and increase glucose toler¬ 
ance. 


Androgens. The androgens are not known to exert any direct effect 
on the glycemic or liver glycogen levels, but they apparently play an 
important role in relation to muscle glycogen. This is particularly true 
tor those muscles whose growth is stimulated by these hormones 
amely the cremaster and the perineal muscle complex, and to a lesser 
x cn or skeletal muscles. It has been demonstrated that the ad¬ 
ministration of testosterone will markedly inhibit the loss of muscle 

incrpjf Cn d i Unng fastlng ~ t ! ie glycostatic effect of these hormones—and 
This i? f. yC °f n 8toragc in these muscles in castrated male animals. 
WilheL glyC k ° paxic effect (Leonard). According to Russell and 

musde" ' 8 0nn0ne eXertS " gIyC ° Static effect ™ skeletal 



Chapter XXIII 


PROTEIN METABOLISM 


A PPROXIMATELY 18 per cent of the body weight consists of 
_ protein. Proteins are the most complex compounds found in 
nature; their molecular weights vary from 13,000 to several millions. 
Each of these large molecules consists of smaller units, amino acids, 
linked together by the so-called peptide bond in which nitrogen of 
the amino group of one amino acid is linked directly to the carboxyl 
carbon of a neighboring amino acid with the loss of one molecule of 
water. The digestion of protein in the gastrointestinal tract consists 
of enzymatic hydrolytic splitting of these proteins at the peptide bonds 
into the respective amino acids of which they are composed. The 
amino acids have relatively small molecular weights, varying from 
75 (glycine) to 240 (cystine), are water-soluble, and readily diffusible. 
They are absorbed almost entirely via the cells of the intestinal vilh 
and passed largely into the portal blood, but to a lesser extent into 
the lymph. They are transported by the portal blood first to the liver 
and from there into the systemic circulation which supplies the extra- 
hepatic organs and tissues. It should again be emphasized that the 
interstitial fluid is the immediate environment of the living cells and 
that between this fluid and the capillary blood a diffusion equilibrium 
tends to be established both for the nutrients, including amino aci s> 
coming to and the waste products leaving the cells. It is thus eviden 
that the blood and interstitial fluid always contain amino acids, one 
source of these is dietary protein, a second source is from the o 
storage protein. Protein metabolism thus resolves itself, in large pa 

into a study of the metabolism of amino acids. .. 

In the study of intermediary metabolism of protein, isotopic m ro^ 
gen (N 19 ) is now frequently employed to trace the metabolic a e 
the amino groups, while isotopic carbon (C 14 ) and deuterium ( * 
similarly used to trace the metabolic fate of the carbon chains o 
acids. These methods have proved to be very helpful. The iso 0 P 1C , 
labeled amino acid being studied is administered to the amma » ^ 

after an appropriate time interval, the animal’s body c ^ns * j ra te, 
or eliminations (water, gaseous exchange, proteins, fat, car o y 
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urea, creatine, creatinine, and so forth) are examined for the presence 
of labeled nitrogen, carbon, or deuterium. By these methods very im¬ 
portant advances in our knowledge of protein metabolism have been 
made. 

In mammals the following possible fates await the absorbed amino 
acids: (1) deamination with the formation of an a-ketoacid and 
ammonia; (2) conversion of the ammonia to urea, ureogenesis; (3) 
oxidation of the a-ketoacid for energy purposes; (4) conversion of 
a-ketoacids to glucose, gluconeogenesis (p. 561), or to fat, liponeo- 
genesis (p. 587); (5) animation or transamination; (6) synthesis of 
body proteins; (7) synthesis of enzymes, hormones, creatine, uric acid, 

hippuric acid, bile salts, pigments; and (8) excretion as such in the 
urine. 


DEAMINATION AND UREA FORMATION 

Deamination, the process of removing the NH 2 group from the 
amino acids, has been demonstrated to occur in liver, kidneys, muscles, 
and other tissues, but primarily in the first two of these. The best- 
known and probably the principal enzyme mechanism concerned in 
this process in these organs appears to be specific for L-glutamic acid, 
namely, L-glutamic dehydrogenase, which requires either coenzyme 
I or II. This reaction is reversible. Biochemically it consists of dehydro¬ 
genation of a-amino glutamic acid to a-imino glutamic acid, which in 
turn is spontaneously hydrated to a-ketoglutaric acid and ammonia. 
This process is usually represented as follows: 
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Glutamic acid, however, is not the only amino acid which can be 
enmmate , all others, with the possible exception of lysine, undergo 
us fate It now appears that an important method by which they are 
mna et is by way of transamination in which the amino group of 
one of these is transferred enzymatically to a-ketoglutaric acid to form 
g Jtamic acid and the a-keto acid of the donor amino acid. The glu- 

T™ n! S0 , f0rmed may 8U ^ sec l uen tly be deaminated as described 
1 : h ® r le ? 8 well -known deaminases capable of direct deamina- 

amin ° aCldS haVe bcen described - Regardless of the mecha¬ 
nism, the process is one of oxidative deamination. 
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The major portion of all the nitrogen entering the animal body 
arises from the a-amino acids of the food proteins, which when de- 
aminated give rise to ammonia. The fate of the ammonia so produced 
varies with the groups of animals and their habitats, especially with 
respect to their water supply. Ammonia is very toxic to animals, while 
urea and uric acid are much less so. The lethal level of blood ammonia 
is 5 mg. per 100 ml. for the rabbit (1 part in 20,000). Certain Amphibia, 
fish, and reptiles excrete ammonia as such (ammonotelic species) into 
the water in which they live; other reptiles and all birds convert it 
to and excrete it as uric acid (uricotelic species), thus conserving 
water; and mammals convert it to urea (ureotelic species) and excrete 
it in the urine. In mammals urea has a diuretic action. 

As stated on p. 504, the evidence indicates that the liver is the sole 
site of urea formation (ureogencsis) in all mammals (Bollman, Mann, 
and Magath, 1924). Urea disappears from the blood following hepatec- 
tomy. This conclusion has been verified and supported by more recent 
studies using both in-vivo and in-vitro methods (Snyder). The con¬ 
version of arginine to ornithine and urea by the liver enzyme arginase 
is the reaction that is limited to this organ. The other reactions de¬ 
scribed for the formation of urea can occur in the extrahepatic tissues 
which do not possess arginase. 

The so-called modern theory of ureogenesis of Krebs and Henseleit 
(1932) may be expressed simply by the following formulation: 


+ COg 

+ nh 3 


ORNITHINE 
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•> CITRULLINE 


-HP 


+nh 3 

-HgO 


ARGININE 


ARGINASE 


+ HgO 


ORNITHINE + UREA 

_| 


The ornithine may be used catalytically over and over in this cycle. 

The formation of urea by the liver requires the expenditure of 
metabolic energy to the extent of approximately 28,000 calories P er 
mole of urea formed. This process is approximately 50 per cent effi¬ 
cient since only about one-half of this energy is used endothermically 
(Ratncr and co-workers). The biochemical mechanisms involved are 
much more complex than indicated above and require ATP, 
glutamic acid, aspartic acid, and six or more enzymes (Fig* ^ * 
In reaction 1 a specific action of glutamic acid is shown in whic i i 
reacts with NH, and CO,, in the presence of ATP and Mg~ and under 
the catalytic influence of a specific enzyme, to form and maintain an 
adequate supply of carbamylglutamic acid (CG). As shown in reaction 
2, CG reacts in turn with NH S and C0 2 in the presence of ATP, Mg". 
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and an appropriate enzyme to form an intermediate CG-NH 3 -C0 2 
complex, the exact chemical nature of which is unknown (Grisolia; 
Grisolia and Cohen). In reaction 3 ornithine and this intermediate 
react enzymatically to form citrulline and CG + H 2 0. Since CG 
appears quantitatively in the end products of the reaction, and can be 
used again, it is now believed to act in some catalytic manner. 

From the work of Long and of Ratner and co-workers, it now seems 
to be fairly well established that the conversion of citrulline to urea 



Fia. 139.—Scheme to illustrate the principal metubolic steps in the formation of 

urea us indicated by the current literature. 


requires at least three enzymatically controlled chemical reactions as 
indicated in steps 4, 5, and 6 in Fig. 139. In reaction 4 aspartic acid 
and citrulline interact in the presence of ATP, Mg~, and an enzyme 
to form an intermediate compound, argininosuccinic acid, which in turn 
is split nonhydrolytically, yet enzymatically, into fumaric acid and 
arginine (reaction 5). In the liver the latter is hydrolytically split by 
the enzyme arginase into ornithine and urea. It will be noted that 
ornithine may be used successively in reaction 3. 
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Urea is the most important of the nitrogenous waste products in 
the urine of mammals. It occurs not only in the urine but in practically 
all tissues and fluids of the animal body. That the nitrogen of mam¬ 
malian urine is present largely as urea nitrogen is indicated by the 
figures given for the sheep and cow (p. 504) and by the following addi¬ 
tional figures, which show the percentages of total nitrogen that exist 
as urea nitrogen, according to various authors (Fearon): dog, 86.2; 
rabbit, 82.8; cow, 58.1 to 69.4; sheep, 81.9 to 84.5; goat, 70.0 to 79.2; 
and man, 87.5 per cent. The percentages of urea in the urine of mam¬ 
mals is as follows: dairy cow, 1.5 to 3.5 (Hayden); sheep, 0.32 to 
5.53, average 2.54; man, 1.9 to 2.5 (Fearon). 

Urea is formed mainly, though not directly, from protein. Some urea 
arises from derivatives of tissue protein (endogenous source) and some 
from derivatives of food protein (exogenous source). From recent ex¬ 
periments in which isotopic nitrogen and deuterium were used to mark 
the amino acids, it is evident that the distinction between the metab¬ 
olism of tissue protein and that of food protein is not so clear-cut as 
was once thought. 

Ammonia. In man ammonia stands next to urea in importance as 
an end product of protein catabolism. It constitutes 2.5 to 4.5 per cent 

•a 

of the total urinary nitrogen. In herbivorous animals, however, it is 
not normally so important. Thus in cattle ammonia nitrogen repre¬ 
sents only 0.101 to 0.272 per cent of the nitrogen of the urine and in 
horses only 0.071 to 0.096 per cent (Beccari). Ammonia occurs in the 
urine normally as the chloride, phosphate, or sulfate. Such salts as 
ammonium carbonate, carbamate, and lactate, to the extent that they 
are formed in the body, are converted to urea. Urinary NH S is formed 
by the kidneys from the deamination of glutamine and to a lesser 
extent from amino acids. Its significance in the normal regulation o 
the acid-base balance of the blood, particularly in carnivores and man, 


is considered elsewhere (p. 497). 

Tissue Protein Metabolism. Within the course of a few hours fo 
lowing the ingestion of protein, the time varying in different species, 
quantity of nitrogen approximately equivalent to that in the absor e 
amino acids is excreted in the urine. This must be so if the anima is 
to remain in nitrogen equilibrium (p. 575). Until recently the body P™ 
teins were considered to be relatively stable constituents, being C r 
by growth and repair on the one hand and suffering from wear an ca 
on the other, with little or no capacity to store temporarily exce 
amino acids or to supply amino acids to the blood. Primarily eca 
of these facts it was assumed that most of the absorbed ammo a ^ 
were deaminated immediately by the liver before gaining entrance i 
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the general circulation and tissues. This was termed exogenous amino 
acid metabolism since dietary amino acids undergoing this fate do not 
enter into the susbtance of tissue protein. This concept, however, 
neglects the important fact that an appreciable portion of the body 
protein is labile and subject to mobilization and may logically be 
termed storage jprotein. Metabolically Mitchell (1950) classifies this as 
a part of the exogenous protein or amino acids. Tissue protein proper 
is considerably more stable and less subject to mobilization. Other 
nitrogen-containing metabolites, such as creatine, follow irreversible 
courses and thus are not subject to reconversion to the amino acids 
from which they are formed. These, together with the synthesis and 
degradation of tissue protein and the ultimate fate of its amino acids, 
were termed endogenous amino acid metabolism. The amino acids of 
the blood and interstitial fluids, regardless of whether they arise im¬ 
mediately from the diet or from storage protein, may be considered as 
the metabolic pool of amino acids from which the tissues, including the 
liver, may obtain amino acids. 

By the use of deuterium (D*) to label the a-ketoacid portion of the 
amino acid molecule and N 15 to tag the amino group, it has been 
shown that, even in adult animals of constant body weight and in 
nitrogen equilibrium (p. 575), only 30 to 40 per cent of the absorbed 
amino acids are deaminated immediately by the liver, as indicated by 
the amount of isotopically labeled urea excreted in the urine. More 
than 50 per cent of these appear as constituent parts of the tissues, 
storage protein, and plasma protein, whereas approximately 10 per 
cent is present in the blood and interstitial fluid. Since there could not 
have been a net gain in the body protein of these animals, an amount 
of body protein equivalent to that newly formed must have been de¬ 
graded and the resultant amino acids passed into the interstitial fluid 
and circulating blood. Evidence obtained from isotopic methods show 
that these various metabolic processes are going on continuously. The 
body proteins are no longer considered to be static structures, but 
dynamic ones which are in a constant state of flux with the amino acids 
of the blood and those that are a part of the plasma proteins Synthesis, 
degradation, deamination, reamination, and transamination are the 

processes involved in this dynamic state of body constituents (Schoen- 
heimer). 

In accordance with this concept, some of the amino acids entering 
the blood stream will, by chance, pass through the liver via the portal 
vein and hepatic artery to be subjected to deamination by this organ. 
Likewise by chance, others will remain in the systemic circulation and 
pass to the extrahepatic tissues, where they may be utilized in a 
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manner similar to that of dietary amino acids. The blood and inter¬ 
stitial fluid are thus the environmental pool from which the cells 
receive their metabolic materials and into which they pass their waste 
products. The renal and portal circulations may be considered as side 
channels of the systemic circulation since they shunt portions of the 
blood stream through specialized organs which subserve one or more 
of the following essential functions: (1) add metabolically important 
substances to the blood, (2) store excess nutritive materials, and (3) 
remove waste products from the blood. 

When a known amount of a given amino acid containing N 15 and 
D 2 is fed or injected as the sole source of amino acids, N 15 is found in 
amino groups of amino acids other than those fed; transamination has 
taken place. Continuous deamination, animation, and transamination 
seem to occur normally in the body tissues. It is also obvious that if 
only 40 per cent of the dietary amino acids are deaminated immedi¬ 
ately, only 40 per cent of the urea excreted during the same time 
interval arises from this source; a larger portion of urea nitrogen must 
then arise from endogenous sources. 

Protein synthesis in the animal body consists primarily of uniting 
a number of amino acid molecules by means of so-called peptide bonds 
into complex protein molecules. In this process a molecule of water is 
produced for each peptide bond formed. Like the synthesis of glycogen 
from glucose units, the synthesis of proteins from amino acids must 
be energized by ATP and is therefore cndergonic in nature (Lipmann). 
The present evidence indicates that a single energy-rich phosphate 
bond of ATP is used to effect a single peptide bond, which has only 
about 25 per cent as much energy. Similar bonds are formed by the 
mammalian kidney in the synthesis of hippuric acid from benzoic aci 
and glycine, by the kidneys of birds in a similar synthesis of omithuric 
acid from benzoic acid and ornithine, in the synthesis of glutathione 
from glutamic acid, cysteine, and glycine, and in the formation o 
glutamine from glutamic acid and ammonia. It is now apparent t ia 
each of the following is essential for protein synthesis: (1) an adequa e 
mixture of essential amino acids, (2) an adequate caloric intake, ant 


(3) an adequate intake of certain of the B-vitamins. 

Since there is a daily turnover of essential as well as noncssen^ 
amino acids, there must be a daily dietary replacement. This is r 
for maintenance alone, but it is even more imperative following P cn0 ^ 
of partial or more drastic protein depletion. There is no store ^ 
essential amino acids in the animal body from which they c®* 1 
drawn for protein synthesis. The present evidence indicates a ^ 
synthesis and breakdown of body protein is essentially an a or 
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type of response. If body protein is to be synthesized, regardless of 
what organ or tissue is involved, all the amino acids essential for that 
particular protein must be available simultaneously and in appropriate 
quantities and proportions during the act of synthesis (Cannon). If 
any one of these is missing, synthesis of that protein cannot take place. 
Below a certain level the caloric intake determines the efficiency of 
protein synthesis even in the presence of a suitable mixture of the 
essential amino acidsj above this level additional calories act primarily 
to increase synthesis and storage of fat. With an adequate caloric 
intake the efficiency of protein synthesis depends directly on the protein 
quality and quantity (p. 574). The role of nonprotein calories on pro¬ 
tein metabolism has been presented by Swanson and by Munro. 

Gluconeogenesis from Amino Acids. Protein as a metabolic fuel 
lias been discussed by Handler. Before amino acids can be employed 
for energy purposes or be converted to glucose or fat, they must be 
deaminatcd. The manner in which the resultant a-ketoacids gain 
entrance into the metabolic cycles is indicated in Figs. 133A and 133B 
(pp. 524, 525). In the catabolism of these a-ketoacids some yield 3- 
carbon fragments while others yield 2- or 4-carbon fragments, as indi¬ 
cated in the following table: 


Glycooenic Amino Acids 
Alanine 
Arginine 
Aspartic acid 
Cysteine 
Cystine 
Glycine 
Histidine 

Hydroxyglutamic acid 

Hydroxyprolinc 

Norleucine 

Ornithine 

Proline 

Serine 

Threonine 

Valine 


(3) 

(3) 

(3) 

(3) 

(3) 

(2) 

(3) 

(3) 

(3) 

(3) 

(3) 

(3) 

(3) 

(3) 

(3) 


Ketogcnic Amino Acids 


Isoleucine 

(2,4) 

Leucine 

(2,4) 

Phenylalanine 

(4) 

Tyrosine 

(4) 


Fate Unknown 

Lysine 

Methionine 

Tryptophan 


UC M e ° eCn , eS1S . 1S prinmrily a function of the liver, but there is 
evidence that it occurs to a lesser extent in the kidneys and adi- 

LtlhT C ,i P ’ 535 , ) ' Liponoogcnesis from 2-carbon fragments occurs 

aminn° IC m y ?“ th ° tr,carboxylic »cid cycle (Fig. 133B) from certain 

acetvl "r 4 B lV C0se ’ and other monosaccharides via pyruvic acid and 

aminoachhft “ , m ° rC detailed treatment of liponeogenesis from 
amino acids (proteins), see p. 587. 



562 


PHYSIOLOGY OF DOMESTIC ANIMALS 


The usual method of determining whether an amino acid or other 
substance is a sugar former is to feed the substance to a fasting animal 
made diabetic by injection of the glucoside phlorhizin, by the injection 
of alloxan, or by pancreatectomy. In phlorhizin diabetes the renal 
threshold for glucose is lowered to the extent that glycosuria and hypo¬ 
glycemia result, whereas in pancreatic or alloxan diabetes the ability 
of the animal to utilize glucose is diminished, a hyperglycemia develops, 
and glucose appears in the urine in large amounts (glycosuria). After 
several days of fasting, in these animals the carbohydrate reserves 
become practically exhausted, but glucose continues to be eliminated 
in the urine in some species. This glucose must come from noncarbo¬ 
hydrate sources, and protein is probably the chief source. If the ratio 
of glucose to nitrogen (G:N or D:N ratio) in the urine is known, it 
is possible to calculate the amount of glucose derived from the ca¬ 
tabolism of body protein. According to Lusk, the D:N ratio of the fast¬ 
ing phlorhizin-diabetic animal is 3.65:1. From this it is evident that 
the catabolism of 100 gm. of body protein would give rise to 58 gm* 
of glucose in the diabetic organism (3.65 X 16 = 58.4). A D:N ratio 
of 3.65:1 has not been obtained by all workers on this problem. There¬ 
fore there is some difference of opinion as to the percentage of glucose 
derived from protein. 

If known amounts of an individual protein or mixture of proteins 
are fed to the fasting diabetic animal, the glucose and the nitrogen 
eliminations are increased. From this extra glucose and extra nitrogen 
the glucose-forming power of the protein fed may be determined. When 
meat is fed, the D:N ratio remains at 3.65:1, but some individual pro 
teins give higher values and some lower. This is because of differences 
in their content of amino acids, some of which are glucogenic and some 
not. By feeding individual amino acids, the glucogenic power of eac 


may be determined. For other methods, see p. 531. 

Creatine. Biochemically creatine is methyl-guanidoacetic aci o 
methyl-glycocyamine (C 4 H 0 O 2 N 3 ). It is an amino acid, but not o 
usual a-form, and is not a constituent of protein. Approximate y 
per cent of the body creatine is found in muscles; it is consi er0 
richer in skeletal, heart, and gravid-uterine muscles than in sin ® ^ 
muscle. The rapidly acting white muscles contain more creatine 
the more slowly acting red variety. About 1.5 per cent of the to a ^ 
creatine is found in the nervous system. It is normally excre e * 
urine of birds, but creatinuria occurs in mammals only un er 
conditions, such as during growth, pregnancy, puerperium, ug 
diets, starvation, carbohydrate deprivation, diabetes, wasting 
severe fevers, exophthalmic goiter, and certain muscular ys 
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In all of these conditions, except muscular dystrophies, creatinuria 
appears to be associated with an increased catabolism of protein, the 
liberation of creatine being more rapid than its conversion to creatinine. 
About 80 per cent of the creatine found in muscles is in the form of 
phosphocreatine, which is now known to be concerned with the energy 
mechanism of these tissues (p. 708). Its phosphate is attached by an 
energy-rich bond (approx. 12,000 cal. per mole) and serves primarily 
as a temporary store of energy. Phosphocreatine is normally formed by 
the transfer of energy-rich phosphate from ATP to creatine, with little 
or no loss of energy, in the presence of the appropriate phosphokinase. 

Recent evidence based on studies using isotopically labeled amino 
acids strongly indicates that creatine is derived metabolically in the 
animal body from glycine, arginine, and methionine (Schoenheimer 
and Ratncr, and others). The evidence further indicates that it is 
formed elsewhere than in the muscles. In the presence of kidney slices 
glycine and the amidine group of arginine unite chemically, under the 
influence of the appropriate enzyme or enzymes, to form glycocyamine. 

the subsequent action of the liver, again enzymatically, upon 
glycocyamine and methionine in the presence of ATP, the former is 
methylated to form creatine (transmethylation). In certain patho¬ 
logical muscular dystrophies, in which there is considerable wasting 
of the muscles, it is excreted in the urine. Creatinuria may also occur 
following the amputation of a limb or removal of large masses of 
muscle, presumably because less tissue exists to use the creatine being 

ormed. Creatine synthesis and its conversion to creatinine are schemati¬ 
cally illustrated below. 


Creatinine (C 4 H 7 ON 8 ). In mammals the normal excretory product 
of creatine is creatinine, its anhydride. It is normally present in the 
ood in small amounts and is never absent from the urine of mammals, 
he reactions involved in creatine synthesis are irreversible; creatine 
cannot contribute to the formation of glycine, arginine, methionine, 
iirea or protein; its nitrogen is excreted in toto as urinary creatinine’ 
About 2 per cent of the total body creatine in man, and probably in 
a species of mammals, is excreted as creatinine per day (Schoen¬ 
heimer) Creatinine excretion is practically independent of the dietary 
protein level The daily output of creatinine is remarkably constant in 
he individual animal; it is not influenced by ordinary exercise or by 
c urine volume. The average amounts of creatinine in the urine of 
mammals, as quoted by Hunter, are: ox, 1.12; horse, 1.94; sheep, 1 . 44 - 

goat 0TR n ' r °u! ellminate( l daily per kilogram of body weight. In 

goat, 0.38; pig, 1.49 gm. per liter. b 

The creatinine coefficient expresses the number of milligrams of 
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man the normal range of the coefficient is approximately 7 to 11. 
Closely similar figures apply to animals; in cattle Ashworth and Brody 
found the coefficient to be 9.5. It has been shown that creatinine 
excretion tends to increase directly (linearly) with the body weight in 
mature animals of many species (Brody, Proctor, and Ashworth). This 
is in contrast with basal metabolism, endogenous (minimum) nitrogen 
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I 
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excretion, and neutral sulfur elimination, all of which tend to increase 
with the 0.73 power of body weight. Brody makes the following state 
raent: “The direct proportionality between creatinine [excretion] an 
body weight is in conformity with all the evidence that creatinine 
represents the muscular mass of the body.” The creatinine excretion is 
an index of the metabolic activity of the tissues, especially skelcta 

muscle. _ , 

Sulfur-containing Compounds. Sulfur enters the animal 0 ^ 
largely as a constituent of the amino acids cysteine, cystine, an^ 
methionine, but to a smaller extent as glycoproteins, sulfoprotcins, an 
inorganic sulfates in the diet. Inorganic sulfur, however, cannot e us <s 
by the animal tissues for the synthesis of body protein or other su 
containing substances. Of the sulfur-containing amino acids, Z 11 ®, 
onine alone is essential in the diet since the other two can be or ^^j 
from it. When present, however, cysteine and cystine have a n™ 
sparing action on the methionine requirement. Sulfur occurs in 
mal body in a variety of functional constituents and produc 

1. Ordinary body proteins. . _ sll ]f u ric 

2. Hair, horn, feathers, mucin (mucoitin- and chondroi in 

acid). 



NH 2 -CHsrCOOH 


ENZYME 


NH 2 (Methionine) NH 2 

I -*-CH 3 I 

HN“C-NH-CH 2 -COOH--►HN-C-N-CHg-COOH 


+ ATP 
ENZYME 


CH 3 


GLYCINE 


GLYCOCYAMINE 


CREATINE 
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3. Glycoproteins in tendons, vitreous humor, cornea, connective 
tissue. 

4. Taurocholic acid of bile, sulfocyanate in saliva, ergothionine 
in red blood corpuscles, in melanin, and urochrome. 

5. Sulfolipids of the nervous system. 

6. As inorganic sulfur in the body fluids. 

7. In insulin. 


8. In thiamine and diphosphothiamine (TPP), cocarboxylase. 

9. In lipothiamide-pyrophosphate (LTPP), formed from lipoic 
acid (6-8 dithioctic acid); a coenzyme essential for oxidative 
decarboxylation of pyruvate and synthesis of acetyl — CoA (Fig. 
134, p. 529). It is also required for the oxidative decarboxylation 
of a-ketoglutaric acid (Fig. 133B). 

10. Coenzyme A (HS—A) is essential for biological acetylations. 

11. Biotin, a cofactor apparently involved in processes of carboxyla- 
tion and decarboxylation. 


12. Triosephosphatc dehydrogenase: oxidation (Fig. 133A). 

13. Succinic dehydrogenase: oxidation (Fig. 133 B). 

14. Various sulfhydryl (--SH) groups or compounds: cysteine, cyst¬ 
ine, homocysteine, HS—A, the dehydrogenases above, and gluta¬ 
thione. In the reduced form (—SH) they serve as reducing 
agents, while in the oxidized form (—S—S—) they serve as 
oxidizing agents in certain important metabolic processes. 

Sulfur is lost from the animal body through the following channels: 
shedding of hair; wear and tear of nails, hoofs, and horns; in saliva, 
bile gastrointestinal secretions, and urine. On a diet of meat or during 
pro onged starvation, the S:N ratio in the urine is approximately 1:14; 
this is also the approximate S:N ratio of muscular tissue. 

Sulfur occurs in the urine in two forms, as unoxidized or neutral 
* U . ,lr . an ^ as ox *dized sulfur. Unoxidizcd or neutral sulfur is con- 
tained in such compounds as cystine, cysteine, methionine, taurine, and 
?thyl sulfide and is mainly of tissue origin. According to Brody the 
neutral sulfur elimination tends to increase with the 0.73 power of 
body weight. Oxidized sulfur occurs in the urine in the form of sul- 
ates of two kinds: inorganic sulfates of sodium, potassium, calcium 
and magnesium, and ethereal sulfates. Most of the urinary sulfates 
arise from the oxidation of cystine and methionine in the body. A 
sma or amount comes from the sulfates in the food. The relation of 
hereal sulfates to intestinal putrefaction is discussed on p 415 

of nnpl C Jj eOPr °i e,n !' ? UC,e ° pr0teins are con ibgated Proteins consisting 

tri Z , and , Rlmpl . e pr0tcins 'protamine., histones). They eon 

C on y a email fraction of the dietary nitrogen or of the nitrogen 
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content of the cells and tissues. Their name indicates that cell nuclei 


and thus glandular tissue are sources of nucleoproteins. The chromo¬ 
somes, nucleoli, mitochondria, and certain submicroscopic cytoplasmic 
particles consist largely of nucleoprotein; the same is true of the known 
viruses and intracellular parasites such as rickettsia (Chargaff). At 
the present time the role of nucleoproteins in cellular metabolism is of 
considerable interest, in particular that of nucleic acids. The protein 
fractions of nucleoproteins are metabolized like other proteins. 

The digestion of nucleic acid is described on p. 402. Nucleic acid 
is known to be built up of smaller units known as nucleotides. Each 
of these consists of a nitrogen base (purine or pyrimidine), a pentose 
sugar, and phosphoric acid. Nucleic acid is a polynucleotide; the num¬ 
ber of nucleotides in 2-desoxyribose nucleic acid is placed at 1500 to 
3000. Similar figures for ribose nucleic acid are 56 to 116. The molecu¬ 
lar weights of nucleic acid are reported to vary from 200,000 to several 
millions (Gulland). Nuclease (polynucleotidase) catalyzes the hydro¬ 
lytic splitting of the bonds between the respective nucleotides of 
nucleic acid; similarly nucleotidase splits off phosphoric acid, and 
nucleosidase splits the respective nucleosides into a pentose and a 
purine or pyrimidine. At present the tendency is to consider nucleic 
acids as being composed of a large number of nucleotide units in a 
manner similar to that of protein, which is composed of large numbers 
of amino acid molecules. The possible numbers and types of nucleic 

acid, like those of protein, are very large. 

Until recently it was thought that the pentose of plant nucleic aci 
was ribose while that of animal nucleic acid was 2 -desoxyribose. It is 
now recognized that living systems, plant or animal, require 1 
presence of both types of nucleic acid. In parasitic systems at leas 
one of the two types is necessary (Chargaff). In animals and higi er 
plants the 2-desoxyribose nucleic acid (DNA) is almost exclusive y 
located in the nuclei, in large part as chromosomes, while ribose nuc eic 
acids (RNA) are present in nucleoli and in cytoplasmic mitochon ria 


and submicroscopic particles. < . 

Little is known of the metabolic fate of the pyrimidine bases cy ^ 
sine and uracil in RNA and cytosine and thymine in DNA. These a 
apparently readily metabolized. Thiamine is a pyrimidine den\a i^ 
and is a constituent of lipothiamide-pyrophosphatc (LTPP) ftn ^ 
phosphothiamine (TPP) or cocarboxylasc (p. 565). Ribose 13 . or 
metabolically from glucose-6- phosphate via 6-phosphoglucomc^^ 
by way of the hexosemonophosphate shunt or pathway in car o iy ^ 
dissimilation as illustrated in Fig. 140. The formation of ® s0 
is believed to occur as indicated in the same scheme. In i s c0 



PROTEIN METABOLISM 


567 


tion DNA is characteristic of the species from which it is derived, 
and no difference has been found in the various tissues of any given 
species. There appear to exist two main types of DNA, namely, one 
in which adenine and thymine predominate and the other in which 
guanine and cytosine are the major constituents. 

Glycogen 

H 3 P0 4 


■ v 

Glucose -1-phosphate 


ATP 


Glucose-Glucose- 6-phosphate 


Non phosphorylative 
Hexosemonophosphate 
Shunt or Pathway 


ATP 


< ■ 

Fructose-1- 6- diphosphate 



ir 

Triosephosphate 

« ■ 


-Cg 


+ C 2 


Pyruvate 
A 


>- Phosphog I uconolactone 
|-2H(TPN) 

6-Phosphogluconate 

TPN 
-2H 
-C0 2 

II 

Ribulose—5-phosphate 

\\ 

Ribose-5-phosphate 
Ribose-I-phosphate 


[ HjP0 4 

_I . _ • 


Base 
Ribose-nucleoside 

\\atp 

Ribose -nucleotide 
rIja 


Triosephosphate 
CH3CHO ^ 

Desoxyribose-5-phosphate 
Desoxyribose-1 - phosphate 

Base H3PO4 

Desoxyribose-nucleoside 

Ih atp THcarboxylic Acid 

_ ^1 H Cycle 

Desoxyribose-nucleotide (C0 2 +H20) 

'it 

DNA 

Fio. 140-Diagram to illustrate the metabolic interrelationships which exist be- 

LTc S y “ of , lhc 'rr sue, ‘ rs and the mc( “ boiism S» 

the synthesis and catabolism of the nucleosides, nucleotides, and nucleic acids 
The comne°iiUve r ^ a !' VC hcx “ emon °P 1 '° s P l '»''= slmnt or pathway is also shown.' 
JlZZoZ on not :Ln C ~ me ‘ ab0UC PalW8 • The 

It is now believed that the nucleotides are synthesized in vivo as 
lows, ribose and 2-dcsoxyribose arc first pbosphorylated bv ATP 
or are produced indirectly from glucose as indicated in Fig uo fo’ 
r bose-l-phosphate and 2-desoxyribose-l-phosphate, respee te y By 
the aetton of nucleoside phosphorylase, the respective‘pentoses are 
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transferred and united reversibly with a purine or pyrimidine base to 
form a nucleoside. This process is similar to that of the formation of 
glycogen from glucose. This nucleoside, once formed, is phosphorylated 
by ATP, in the presence of phosphokinase, to form the corresponding 
nucleotide. Presumably the metabolic degeneration of nucleotides is 
initially one of phosphorolysis to the corresponding purine or pyrimi¬ 
dine and pentose-1-phosphate. The latter is then hydrolytically split 
by a phosphatase to the pentose and inorganic phosphate. 

Several mononucleotides of metabolic importance are known. Some 
of these are listed in the following table: 


Coenzymes 

Adenosine monophosphate 
Adenosine diphosphate 
Adenosine triphosphate 
Diphosphopyridine-nucleotide 
Triphosphopyridinc-nudeotide 
Flavin mononucleotide 
Flavin-adenine dinucleotide 
Diphosphothiamine 

Lipothiamide-pyrophosphate 

Adenine mononucleotide-panto¬ 
thenic acid complex 


Designations 

AMP (adenylic acid) 

A DP 
ATP 

DPN (coenzyme I) 
TPN (coenzyme II) 
FMN 
FAD 

TPP (nonoxidative de¬ 
carboxylation) 

LTPP (oxidative de¬ 
carboxylation) 

CoA (acetylations, etc.) 


Enzymes 

Phosphokinase 
Phosphokinase 
Phosphokinase 
Dehydrogenase 
Dehydrogenase 
Cytochrome reductase 
Diaphorase, oxidases 
Cocarboxylase 

a-Ketoacid oxidases 

Transacetylases 


The purines and pyrimidines can be synthesized by the animal 
body; the mechanisms involved in their biosynthesis are described by 
Buchanan and by Greenberg. The basic chemical structure from whic 
the representative purines are formed is the purine skeleton given 
below. 




The metabolic origin of purine C and N 

C 2 ond 8 from formate 
C 4 from -COOH of glycine 
C 5 from - CH 3 of glycine 

C 6 from C0 2 
N 7 from-NH 2 of glycine 
N 1,3,9 from -NH 2 of other 

omino acids or NH 3 


(3) 


.. , * the table 

Important data concerning the purine bases are listen 
which follows: 
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Purine Bases 

Adenine 

Hypoxanthine 

Guanine 

Xanthine 

Uric acid 

Allantoin 


Caffeine 

Theophylline 

Theobromine 


Structure 

6-Aminopurine 

6-Oxypuiine 

2-Amino-6-oxypurine 

2-6-Dioxypurine 

2- 6-8-Trioxy purine 
Derivative of uric acid, 
C* oxidatively removed, 
opening of ring I 

1-3-7-Trimethylxanthine 

1-3-Dimethylxanthine 

3- 7-Dimethylxun thine 


Enzyme Product 

Adenase Hypoxanthine 

Hypoxanthine oxidase Xanthine 
Gunnase Xanthine 

Xanthine oxidase Uric acid 

Uricose Allantoin 

Allantoinase -f- allantoi- Urea -f- 
case glyoxylic 

acid 


Purines and Allantoin. The principal purine found in the urine of 
man is uric acid, but adenine, guanine, hypoxanthine, and xanthine 
are also present. These are intermediary substances in the conversion 
of nucleic acid to uric acid and appear in the blood in small amounts, 
in lie urine of mammals generally, except man, chimpanzee, and the 
Dalmatian dog, uric acid occupies a minor position; it is largely re- 
P aced by its more water-soluble oxidation product allantoin. Table 
27 shows the percentage distribution of allantoin nitrogen and purine 
nitrogen in the urine of a number of animals and man. Uric acid is 
derived from the metabolism of nucleic acid of the body tissues (endog¬ 
enous) or from the absorbed products of nucleic acid digestion (exog¬ 
enous, p 402). The changes undergone in the conversion of nucleic 
acid and its derivatives into uric acid and allantoin have been tabu- 

I&tcd ahnvp 


Table 27. Percentage Distribution of Allantoin N and 

Purine N in Urine 


Species 

Allantoin N 

Uric Acid N 

Purine Base N 

Sheep.... 

ni n 

16.0 


Goat. . . 

U*i . U 

oi n 

20.0 

Cow.... 

ol .U 

92.1 

oq n 

7.0 

12.0 

Horae.... 

7.3 

12.0 

0.7 

Kg. 

oo. U 

no o 

0.5 

Dog. 

97.1 

1.8 

5.8 

Man.... 

1.9 

1.3 


£. . U 

90.0 

8.0 


(From Iluntcr und Givers ) 


stiluent oM.Inl.Tf U ‘ C f ° rm ° f 6 °' lium urate > «• a constant con- 

^ small In the bloo U d ‘f m ° St mammals other tllan ■"»" the amount 

thC bl00d of Inan a ran ee Of 0.7 to 3.7 mg. per 100 ml. is 
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found, while in the blood of the rabbit, sheep, pig, horse, monkey, ox, 
and cat the range is 0.05 to 0.2 mg. per 100 ml. (Folin and Denis). In 
birds the amount is even higher than in man. 

As already noted, uric acid, in the urine of most mammals, is 
largely replaced by its oxidation product allantoin. However, in the 
urine of man and the chimpanzee allantoin is practically absent; and 
the Dalmatian dog is interesting in that apparently only about one- 
third of the uric acid of this animal is converted to allantoin, whereas 
in dogs generally the conversion is nearly complete. The inheritance 
of high uric acid excretion in dogs has been studied by Trimble and 
Keeler. 

The place of conversion of uric acid to allantoin is the liver. This 
was shown to be true by complete removal of the organ in dogs, where¬ 
upon the destruction of uric acid, as revealed by blood analyses, 
stopped (Bollman, Mann, and Magath, 1925). The conversion of uric 
acid to allantoin is catalyzed by the enzyme uriease. Some animals 
lack uriease and are therefore unable to convert uric acid to allantoin. 

The formation of uric acid in birds requires further notice. Unlike 
mammals, birds excrete most of their nitrogen in the form of uric acid 
(urates). They have no ability to change ammonia to urea and are 
unable to convert uric acid to allantoin. The uric acid of birds is 
formed from ammonia, which originates from amino acids. The hver 
appears to be the place of uric acid formation in the chicken. 

Hippuric Acid. This is a compound of glycine and benzoic acid. T e 
union of these substances to form hippuric acid may be represented as 
follows: 

C 0 H S • COOH + CH Z • NH, • COOH = C 0 H a CO-NHCH,-COOH+H,0. 
Benzoic acid Glycine Hippuric acid 

Hippuric acid occurs in the urine of all mammals, but the amount in 
that of carnivores is small, while the amount in that of herbivores i^ 
comparatively large. In the urine of the dairy cow, Healy oun ^ 
hippuric acid content of 0.01 to 4.15 per cent, with an average o • ^ 
per cent. In the urine of the camel Read reports that the anioun ^ 
hippuric acid is large and is comparable to the amount foun 
urine of cows and horses. In the urine of the mule this same in\ 
gator found an average hippuric acid content of 1.08 per ccn . ^ 

Hippuric acid represents a form in which the body c * crc *^ C j )0 dy 
acid when it occurs in the food or is formed in metabolism. ® 
is unable to oxidize benzoic acid; therefore in order to /^clvcine 
and prepare it for excretion by the kidney it is conjugate wl . on 0 f 
(and to some extent with glucuronic acid). The place o or 
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hippuric acid probably varies in different species. In all animals it 
appears that the kidney itself is one seat of its formation, while in 
some animals the kidney is the sole seat. The surviving kidney of 
the dog, pig, sheep, and man is capable of forming hippuric acid from 
sodium benzoate and glycine. The dog is unable to form hippuric acid 
after double nephrectomy, although in other animals its formation may 
take place in all tissues (Snapper, Griinbaum, and Neuberg). The liver 
may be an important place of its formation in some species. 

Amino Acids. A small amount of the nitrogen of the urine is present 

m the form of amino acids. They and their derivatives occur in urine 

probably because of the inability of the kidney completely to prevent 

their leaving the blood. This does not apply to glycine in conjunction 

with benzoic acid. This combination, hippuric acid, is an excretory 
product. 

Ketones from Amino Acids. As will be shown later, fatty acids, 
•nay, m the course of their catabolism, yield fragments known as 
ketone substances. Similarly the nonnitrogenous fragments of some 
of the amino acids may give rise to these substances. Phenylalanine, 
tyrosine, leucine, and isoleucine are the amino acids that may behave 
in this way. Whether an amino acid is or is not a ketone former may 
be determined by perfusing it through the surviving liver or by feed¬ 
ing it to a diabetic animal. Amino acids are not important sources of 
the ketones (p. 594). 


INDISPENSABLE AND DISPENSABLE AMINO ACIDS 

Of the 23 primary amino acids, 10 have been shown to be indis¬ 
pensable components of the diet, whereas 13 have been shown to be 
dispensable. Outstanding progress in this field of inquiry has come in 
recent years, largely as a result of the work of Rose and collaborators. 
Ky feeding various mixtures of purified amino acids as the sole source 
m rogen, together with adequate amounts of carbohydrates, fats in¬ 
organic salts, and vitamins, these investigators have determined which 
of the amino acids are dietary essentials and which are not. The usual 
p ocedure was to omit one or two of the amino acids from the diet at a 
time. Young rats were the experimental animals. 

d f‘ nCS t an '"dispensable amino acid as one that cannot be 

‘ V ^ dy ’ ° Ut ° f the materia,s ordinarily available at 
sufficiently rapid to promote normal growth. A dispensable 

I °. a . C,d 13 one that oan be synthesized in sufficient quantity out of 
materials ordinarily available to the organism. ‘ 

growth 0 eS i8 (Ri! a8SifiCati ° n ° f ' U " in ° Udds with « 
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Indispensable Amino Acids 

Arginine 

Histidine 

Isoleucine 

Leucine 

Lysine 

Methionine 

Phenylalanine 

Threonine 

T ryptophan 

Valine 


Dispensable Amino Acid* 

Alanine 

Aspartic acid 

Citrulline 

Cysteine 

Cystine 

Glutamic acid 

Glycine 

Hydroxyglutamic acid 

Hydroxylysine 

Ilydroxyproline 

Norleucine 

Proline 

Serine 

Tyrosine 


Arginine is not a dietary essential in most species of animals for 
maintenance or for slow growth, but it is required for normal or 
maximal growth. According to the definition given above, it is an in¬ 
dispensable amino acid. It is not a dietary essential for the adult dog 
(Rose and Rice) or for the adult man (Rose, 1949). Qualitatively 
the dietary amino acid requirements for the dog and man are the 
same as those for the rat with the exception of histidine, which is not 
essential for adult human beings. 

Almquist (1942, 1945) and Almquist and co-workers have studie 
the dietary amino acid requirements of the chick. From their wor 
it is apparent that the chick requires a dietary source of glycine anc 
glutamic acid in addition to the list of amino acids that arc essentia 
for the rat. Under certain conditions chicks may also require cystine, 
proline, and tyrosine. Methionine, lysine, tryptophan, and isolcucine, 
and presumably others, are dietary essential amino acids for the gro^ 1 
of the pig. 

The dietary requirements for specific amino acids is of consi er^ 
ably less importance in ruminant species. This is due to the fact ® 
the microbial flora in the rumen normally synthesize the indispensa ^ 
as well as the dispensable amino acids in sufficient quantities to me 

the amino acid requirements of the host. .. 

It is obvious that one should not generalize too widely 
dietary essential amino acid requirements from one species to ano 
from either a qualitative or a quantitative point of view. 'j er a- 

Why Certain Amino Acids are Dietary Essentials. In C0I ! S * j n0 
tions having to do with the dispensability or indispensability ° ^jj 
acids, it should be kept in mind that in the metabolic proccs ^ 
amino acids are required by the organism. A large num cr o ^ 
however, can be synthesized by the body if other amino aci 8 ar 
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able in sufficient quantity and kind. From the standpoint of the diet 
these are, therefore, nonessential. The indispensable amino acids 
possess some group or have some structural arrangement that is re¬ 
quired in the metabolic processes and that cannot be formed in the 
body from other substances. These amino acids are therefore required 
in the diet. Aside from being necessary for the formation of protein, 
the essential amino acids play special roles in metabolism. These have 
been discussed by Peters and Van Slyke. Methionine is concerned in 
transmethylation, that is, the donation of labile methyl groups for the 
formation of such compounds as choline and creatine. Phenylalanine 
or tyrosine is the source of the benzene ring required for the formation 
of a number of biologically important compounds, for example, epi¬ 
nephrine and thyroxine. The body cannot synthesize this ring. Tyrosine 
is not a dietary essential, for it can be synthesized from phenylalanine. 
However, the latter is an indispensable amino acid. Tryptophan is 
believed to owe its indispensability to the presence in its molecule of 
the indole ring. Histidine possesses the imidazole ring, which the body 
cannot synthesize. Therein lies the explanation of its essential nature 
Arginine is concerned in the formation of urea and it is the source of 
the amidine group used in the synthesis of creatine. Lysine can undergo 
eamination but the process is apparently irreversible. The indispen- 
sabinty of leucine, isoleucine, phenylalanine, threonine, and valine is 

ue probably to the fact that the chemical reactions in their catabolism 
are irreversible (Fig. 133B). 


SYNTHESIS OF PROTEIN IN THE RUMEN 

Bacteria 1 action in the rumen plays an important part in cellulose 
hgestion (p. 378) and vitamin synthesis (p. 677) in ruminants It 
Has been demonstrated that bacterial action is also of significance in 
protein synthesis in the rumen. Recent work has given ample confir- 
maUcn to the old view that the nitrogen of anodes such as urea and 

forTl»r m ? b ° Utilized by rumina,,ts as a Partial substitute 

no Jinl . !V° (Lofgrcen " nd eo ‘' v °rkers). The utilisation is made 

acids from ” ” ia in the rUmCn which ^"“resize amino 

cids from nonprotem nitrogenous substances and build the amino 

ids into their own protoplasm. Farther along the alimentary tract 

the hos < t < A a arc . <llgested and yie,d a,nino acids that are absorbed by 
e host. As much as one-tlnrd of the protein requirement of ruminon/ 

can be met by the use of urea in the diet. During the recent Zr Z 

licrc was a widespread shortage of protein, urea was commonly ,,sld 

airy rations. Since amino acid synthesis occurs in the rumpn if * 

evident that the amino acid content, or protein qialUy, of tTe 111 
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is less important in ruminants than in other animals (Elsden and 
Phillipson, Huffman, Marston). 


THE QUALITY OF PROTEIN 

The quality or nutritive value of the different proteins is not the 
same. Of the protein that is absorbed, a certain amount is wasted in the 
metabolic processes. The lower the quality of the protein the greater 
is this wastage. The explanation of differences in protein quality lies 
in the fact that the various amino acids that cannot be synthesized by 
the body are found in varying proportions in the different proteins. 
Evidently those proteins that contain amino acids of such kinds and 
in such proportions as are required for nutritive purposes possess the 
greatest nutritive value. The term biological value has been introduced 
to designate the value of a protein for purposes of maintenance and 
growth. It is a numerical expression and may be defined as the percent¬ 
age of the absorbed nitrogen that the body retains or fails to excrete 
in the urine. 

N retained 

Biological value =- X 100. 

N absorbed 


The following figures show the biological value of the proteins of 
various foods for maintenance and growth of rats (Mitchell): hen s egg* 
93; milk, 85; pork muscle, 74; rice bran, 68; wheat, 67; potato, 67, 
cottonseed, 66; oats, 65; soybean, 64; alfalfa hay, 62; corn, 60, coco 
nut, 58; navy bean, 38. From these results it appears that, in genera , 
the biological values of proteins are somewhat higher for maintenance 
than for growth and maintenance and that with a few exceptions io 
logical values do not differ very greatly. Working with pigs, Mite ic 
and co-workers obtained biological values as follows: for the pro ins 
of corn, 54; for the proteins of tankage, 42; for the proteins o a 
combination of corn and tankage, 61. Proteins containing i crc 

amino acids supplement each other. # 

Studies on the efficiency of the protein in different rations or 
ing lambs have been made by Miller and Morrison. The estima e 
logical values of the proteins, as revealed by this work, di no ^ 
greatly from one another. Following are the rations and the io ° ^ 
values: corn and alfalfa hay, 59; corn and a mixture of a a ^ 
and timothy hay, 60; corn, a mixture of alfalfa hay and * irn0 p ftn _ 0 j| 
and soybean-oil meal, 64; and corn, timothy hay, anc so> - n 
meal, 62. The similarity of these biological values is eX P n !?. 
terms of protein synthesis in the rumen. In practical nu n 


\ 
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quality of protein for ruminants is less of a problem than for omni¬ 
vores and carnivores. Results obtained in studies of biological values 
of proteins on rats or pigs are not applicable to ruminants. 


THE QUANTITY OF PROTEIN 

Assuming that the dietary protein is of good quality, the question 
arises as to the minimal and optimal amounts necessary to supply 

the needs of the animal body. This information may be obtained from 
balance experiments. 


Nitrogen Balance and Nitrogen Equilibrium. When protein is 
completely catabolized, carbon dioxide, water, and a number of nitrog¬ 
enous waste products are formed. The last-named substances, of 
which urea and ammonia in mammals and uric acid in birds are most 
important, are eliminated mainly in the urine but to a small extent 
in the feces and sweat. By determination of the nitrogen content of the 
food (intake) and of the excreta (outgo) and comparison of the results, 
the nitrogen balance may be ascertained. These data will indicate 
whether the body is gaining, losing, or maintaining its protein content 
When the nitrogen intake and nitrogen outgo are equal, the animal 
is said to be in nitrogen equilibrium. Such an equilibrium may be ob¬ 
tained only when the animal is receiving adequate quantities of good- 
quality protein in the diet. The protein intake may equal or exceed 

the body requirements for protein (amino acids) and the animal be in 
nitrogen equilibrium. 


If after nitrogen equilibrium has been established the protein intake 
is further increased, there is shortly a corresponding increase in nitro- 
gen output, equilibrium simply having been established at a liieher 

H VC i T"i r la , ti0nsh ' P , betwcen nitrogen intake and nitrogen outgo is 
illustrated by the following data: 


Days of Experiment 

1-7 

a-17 


N of Food (gm.) 


154.8 

213.7 


N of Excreta (gm.) 

153.0 

2138 


The animal, in nitrogen equilibrium while receiving 154 gm of nitrogen 
continued in nitrogen equilibrium when the intake was increased to 2 ,q 

nitro Ma,Ure •ru™'" 8 ° f ° la?SCS when r> r °I’ erl >' nourished remain” in 
nitrogen equilibrium for long periods of time. 

its w'°f ,her . e , 1S !* n , et retcnt 'on of nitrogen, as when its intake exceeds 
• s from the body, a positive nitrogen balance exists Thic u 

occur under the following conditions: (1) growth; t 2 ) rcJve' Tr 
ing nr starvation; (3) convalescence from long illness; (i) prog' 
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nancy, usually related to the fetus only; (5) adjustments to increases 
in protein intake in excess of the minimal requirement to maintain a 
nitrogen equilibrium. For an interpretation of nitrogen balance data, 
the student is referred to the report by Allison. 

Whenever the excretion of nitrogen by an animal exceeds its intake 
in the diet, it is said to be in negative nitrogen balance. This excess 
nitrogen loss is derived from the catabolism of body protein. A negative 
nitrogen balance may occur from any one or more of the following: 
(1) fasting or starvation; (2) a diet devoid of protein; (3) a diet defi¬ 
cient in good-quality protein; (4) a diet containing an otherwise ade¬ 
quate quantity of poor-quality protein, in which one or more of the 
essential amino acids is lacking; (5) severe illness; (6) severe fever; 
and (7), a shift from an excess protein intake to a lower but adequate 
protein intake (a temporary negative balance only). The nitrogen 
balance of a steer is illustrated in Table 28. It may be seen that this 
animal was in negative nitrogen balance since the nitrogen excreted 
exceeded the nitrogen intake in its feed by 17.37 gm. Since the average 
nitrogen content of protein is 16 per cent by weight, one may express 
the nitrogen balance in terms of protein by multiplying the nitrogen 

value by 6.25. 


Table 28. Daily Nitrogen Balance of a Steer 



• Mny bo omit tod. 


(From Ariusby nnd Moulton.) 


If protein is completely withdrawn from the diet and a large 8 . 

of carbohydrate nnd fat fed, the nitrogen excretion falls to Mi 
level. The protein equivalent of this is known as the minima 

catabolism, which represents an unavoidable loss °f 0 ^ diet, 

the absence of dietary protein. If protein is now addc o » 

it will be found that nitrogen equilibrium cannot be es a is te j n 

by feeding an amount of protein equivalent to t } 119 "Jl"'-^eDresenta 
catabolism; three to four times this amount is required. 
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the minimal subsistence requirement of protein, or the physiological 
protein minimum. Two important reasons for the requirements of this 
amount are: (1) that approximately 30 per cent of the absorbed amino 
acids are deaminated by the liver before the extrahepatic tissues have 
a chance to use them for protein synthesis and (2) the dietary proteins 
differ in their amino acid assortment from those of the animal body. 

If increasing quantities of carbohydrate or fat are added to the 
diet, the protein intake necessary to establish a nitrogen equilibrium 
is progressively reduced to a minimum, at which further additions of 
these have no sparing effect on body protein. In order to maintain 
nitrogen equilibrium at the lowest level, it is essential that sufficient 
calorie sources be fed. Omnivorous and herbivorous animals appear to 
be unable to digest and absorb sufficient protein to meet their energy 
requirements when carbohydrates and fats are omitted from the diet. 
Their dietary protein requirements can be reduced to a minimum, how- 
c\er, by feeding adequate amounts of these energy-producing foods. 
In all animal species endogenous protein catabolism is increased during 

fasting and starvation to levels usually above those of the minimal pro¬ 
tein catabolism. 


According to the newer concept of protein metabolism, less signifi¬ 
cance can be attached to a quota of protein formerly supposed to be 
required to replace that of tissue “wear and tear”; in fact, it may be 
helpful to discontinue the use of this expression. It is now held that 
the dynamic equilibrium or continued interchange of amino acids be¬ 
tween the blood and tissues results in little or no net loss of nitrogen 
or amino acids from these tissues under normal conditions. 

Nutritional studies and practical experience have shown that it is 
necessary to feed more than the physiological minimum if health is to 
be maintained. There is a point below which the protein intake cannot 
be reduced if the animal is to remain in nitrogen equilibrium. In the 
average adult human being this hygienic protein minimum is greater 
lan 35 gm. per day. “The standard quite generally accepted to provide 
ie necessary margin of safety is 1 gram of protein per kilo per day” 

(Peters and Van Slyke). 1 y 

, In ™ ature warm-blooded animals of many species ranging in size 
^rom mice to cattle, Brody, Proctor, and Ashworth have shown that the 
_ ogenous (minimum) urinary nitrogen tends to increase with the 
0.72 power of body weight. This relationship is shown by the equation 


N = 146 M° Ta 


m which N is the endogenous urinnry nitrogen excretion in milligrams 
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per clay and M the body weight in kilograms. They recommended tenta¬ 
tively that the maintenance requirement of digestible crude protein for 
all animals be placed at four times the protein equivalent (N X 6.25) 
of the endogenous nitrogen excretion in the urine. The calculated values 
are found to agree very well with standard feeding practices. 

Protein Sparers. When sufficient quantities of carbohydrate and fat 
arc present in the diet to meet the energy needs of the animal, endog¬ 
enous protein catabolism is reduced to a minimum; these dietary 
substances have a marked sparing action on body proteins. This, how¬ 
ever, is not related solely to their capacity to supply energy, since 
carbohydrates are better protein sparers than fats, which have calorific 
values more than twice those of carbohydrates per unit weight. Fats 
alone are poor protein sparers while carbohydrates alone are excellent 
ones. When fed in equal amounts, both aid in serving this purpose; 
a certain level of carbohydrate is essential in metabolism. If it is not 
available, additional body protein is mobilized as amino acids for 
purposes of synthesizing glucose (gluconeogenesis). It is fundamentally 
important that the normal blood-glucose level be maintained (p. 533). 
The influence of nonprotein calories on protein metabolism is discussed 
by Swanson and by Swift and co-workers. 


EFFECTS OF MUSCULAR WORK ON PROTEIN METABOLISM 

That amino acids, following deamination, may be oxidized or con¬ 
verted to carbohydrate or fat is well known. The chief form in whic 1 
proteins are used for energy is probably as glucose, since some 58 per 
cent of the protein molecule is convertible to this sugar. Certain of t e 
ketoaeids formed from amino acids may enter the oxidative c> 
directly (Fig. 133B, p. 525). Under ordinary conditions, however, most 
of the energy needed by the body is derived not from protein but rom 
carbohydrate and fat. A question which has aroused much interes ^ 
whether or not muscular work increases the catabolism of pro e 
Lusk was led to conclude that muscular work entails no greater 
put of urinary nitrogen than docs rest, which is to say that mUSCU ^ p 
work causes no net increase in protein catabolism. Cathcart, ® n . 
other hand, concluded from the evidence that muscular wor ^ 
increase the catabolism of protein as indicated by the nitrogen c01 ^j em 
of the urine. He held, however, that the increase is small. The pro ^ 
was reviewed by Mitchell and co-workers (1929) , who conclu c 
appears that an increased breakdown of body tissue is not an ine ^ oU gj, 
consequence of muscular work, but that it may occur, even 
the diet is sufficient in energy.” 
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In the newer knowledge concerning protein catabolism work is not 
regarded as a factor which increases the output of urinary nitrogen. 
In keeping with the concept of the dynamic state of body constituents, 
including the body proteins, the primary factors which determine the 
magnitude of deamination of amino acids, their conversion to carbo- 
hydrate and fat, the rate of oxidation of these as intermediates in 
protein uses for energy, and the urea formation and excretion in the 
urine are the volumes of blood circulating through the liver and the 
concentrations of blood amino acids. During heavy physical work the 
blood flow through the liver tends to be decreased, and it is only under 
conditions of stress and a decrease in the glycemic level that an in¬ 
creased mobilization of stored protein is effected (p. 546). This is a 
physiological mobilization and not a passive state of flux; the latter 
would tend to maintain a dynamic equilibrium between blood and 
tissue amino acids. From a physiological point of view it is difficult 
to understand how, during physical work, any appreciable increase in 
protein catabolism could be effected normally. 


PROTEIN NUTRITION BY INTRAVENOUS INJECTION 

It is possible to maintain an animal in nitrogen equilibrium by the 
intravenous injection of compatible plasma protein, hydrolyzed protein, 
or pure amino acids. As in ordinary feeding, it is necessary that each of 
the essential amino acids be present in appropriate amounts in the 
material injected. Without these nitrogen equilibrium cannot be main¬ 
tained. Recent publications in this field have added considerably to 
our basic knowledge of protein metabolism. Furthermore, the method 
is being used clinically on human and animal patients unable or un¬ 
willing to take nourishment by mouth. The general subject is reviewed 
by Elman. 



Chapter XXIV 


FAT METABOLISM 


T HE methods by which fats are absorbed from the gastrointestinal 
tract are described in Chapter XVIII. Unless the subject is under¬ 
stood by the reader, that chapter should be reread at this time. Dietary 
fats are absorbed into the lacteals chiefly as neutral fats or triglycerides, 
which enter the blood indirectly by way of the chyle through the thoracic 
duct. Smaller amounts are absorbed as phospholipids, cholesterol, and 
cholesterol esters, which, in part, are passed directly into the porta 
blood and, in part, indirectly by way of the chyle. 

FAT TRANSPORT 

Like glucose and amino acids fats are transported by the blood, 
especially in the plasma, to all parts of the body. Absorbed fats tern 
to remain in the circulation for an appreciable time, since they aie 
taken up relatively slowly by the tissues which participate m tieir 
metabolism. Because of this fact there is normally a postprandm 
hyperlipemia in carnivorous and omnivorous animals following ,n 
gestion of diets rich in fats, especially neutral fat. It is the prevai m 
view at the present time that much of the absorbed neutral ft t ,s 1 
taken to the adipose tissue for storage, and that from there it is « 
mobilized in the form of neutral fat, phospholipids, and c 10 es 

esters as needed for metabolic purposes. j n 

A fundamental difficulty which confronts the animal organic 

the transport and final metabolism of fats is the insolubility o n ^ 
fats or their constituent fatty acids in water, blood, anc jssu 
The body uses several methods to overcome this obstacle. i * 
tropic bile salts are instrumental in effecting the absorp'ioni o ^ 
acids. In the intestinal villi neutral fats enter the: lymp' ® n Article9 f 
to a large extent at least, in the form of a fine emu sion. micron 

or chylomicrons, are composed of neutral fat and arc microscope 

in diameter; they are readily visible under the dar - c #k c blood 
(Gage and Fish). The same kind of fat particles arc oun count 

stream. Following a meal containing fat, the bloo c > ° 

680 
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rises from the postabsorptive level to a maximum, ihe magnitude of 
which depends upon the quantity of fat being absorbed, and then falls 
again to the postabsorptive level. In addition to the chylomicrons, 
tliere is the po>sibility that fat particles smaller than 0.5 micron in 
diameter exist in the blood. 

A decrease in the neutral fat of the blood may be due to one or 
more of the following processes: (1) decrease in the quantity of fat 
being absorbed; (2) storage as depot fat; (3) phosphorylation of fat, 
or conversion of neutral fat to phospholipids; (4) formation of cho¬ 
lesterol esters; and (5) utilization of fat by the tissues for energy 



Fio. 141. The relationship between the blood lipids and the diet in a 
goat. Note the parallelism that usually exists between the total lipids 
Phospholipids, and cholesterol. The nature of the diet is indicated at the 
bottom of the graph. (Adapted from Bender and Maynard, Journal of 
Dairy Science, 1932, 15.) 


purposes. Lecithin and cholesterol esters, in addition to neutral fat 

T 8 n , r IL egardcd as inl P°rtant compounds in the transport of fatty 

so nhio H h thc t , phos P holi P icls and cholesterol esters are more water- 

soluble than either neutral fats or fatty acids. 

f ,“.V netab “ lis "' of lactatin S eows and goats has been extensively 

Maynard) aynard . and Mc p a y> Bc ] nder and Maynard, Williams and 
Maynard). These investigations indicate that the blood lipid concen- 

tra ion » markedly influenced by changes in the amount of the fat 

mum chin C lang ,? 8 belng m general in th « same direction. The maxi- 
m changes in the concentration of the blood lipids however did nnt 

occur immediately after the changes in the amount 'of S ttll 
^ a “ e ,°,° d m0ny <iay8 C ‘ a P SCd befora dl e bio d chantes 

became fully effective. It was also shown that a strong parallelism exists 
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between the total lipids, the phospholipids, and the cholesterol of the 
blood; thus a close metabolic relationship among these substances 
seems evident (Fig. 141). The changes involve chiefly the plasma 
lipids. The lipids of the blood cells tend to remain constant. Changes 
in the blood lipid level following changes of short duration in the fat 
intake (single feedings) are more sharply defined in carnivorous than 
in herbivorous animals. In other words, alimentary hyperlipemia is not 
easily induced in herbivores. 


Passage of Fat between Blood and Tissues. There are two views 



tissues. One is that the chylomicrons, and possibly finer fat particles, 
referred to above, pass through the walls of the capillaries and enter 
the tissues with little or no change. According to Wertheimer and 
Shapiro, the passage of fat into adipose tissue is an active process, 
depending upon the metabolism of the cells. The other view is that 
fat is transported from the blood to the tissues largely in the form 
of the phospholipid lecithin. It seems quite probable that both methods 
are employed. Particulate fat entering the tissues apparently represents 
neutral fat on the way to the fat depots. The phospholipids in the 
process of transport, however, are believed to represent lipid that is to 
be oxidized by the tissues, built into protoplasm, or stored. 


TISSUE LIPID AND STORAGE FAT 

Lipids exist in the animal body in at least two forms: tissue lipids 
or those which appear to be an integral part of cell structure, t e 
constant element, and adipose tissue or so-called body fat, the varia 
element. When an animal is starved, the amount of adipose tissue is 
markedly decreased; the amount is again restored when the anima is 
placed on an adequate food intake. On the other hand, the lipid contcn^ 
of the tissues is relatively unchanged under similar conditions, roin 
these facts it is obvious that the former is more intimately relate o 
the nutritive state of the animal than the latter. This difference in j 11 ^ 
tion of the two types of body lipids can be demonstrated in the o 
ing manner: small doses of carbon tetrachloride, chloroform, or P 1 
phorus lead to a mobilization of depot fat and its deposition in 1 
liver. This can be detected by the yellowish discoloration o t ie ^ 
or by biochemical methods. However, when larger doses of t c 
poisons are administered to an animal, the liver cells arC , 9e J nerft . 
damaged and undergo what is known in pathology as f ft ^y C ^ c umu- 
tion (fat phanerosis). Under these conditions the lipids wine ac j er 
late arise largely from the structural lipids of degenerating ce ®- 
extreme conditions of fatty degeneration of the liver these ipi 
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slitutc a large portion of the cell debris. Body lipids then subserve two 

general functions, namely, fuel reserves and structural constituents of 
cells. 

Tissue lipid is that portion of the total body lipid which cannot 
be detected with the microscope, cannot be stained with the ordinary 
fat stains, and cannot be extracted by the usual fat solvents. The 
best-known constituents of tissue lipid are the phospholipids lecithin, 
cephalin, and sphingomyelin. Despite the qualitative and quantita¬ 
tive constancy of the tissue lipids in the animal body they are known 
to be subject to rapid and continuous molecular breakdown and re¬ 
generation in a manner similar to that of body protein, storage fat, 
nucleoprotein, creatine, carbohydrate, and other substances. Thus they 
exist in a constant state of flux or dynamic equilibrium with the blood 
and interstitial fluid constituents from which they are synthesized and 
to which they are degraded. Total synthesis of phospholipids, as indi¬ 
cated by the incorporation of P 22 , occurs in animal tissues such as liver, 
kidney, small intestine, muscle, brain, and nerve (Chaikoflf and Brown)! 

By reason of the unsaturated bonds of their constituent fatty acids 
it has been suggested that the phospholipids may acquire oxygen 
temporarily and later release or transfer it to the oxidative mechanisms 
of the cells. In this manner they may be concerned with cell respira¬ 
tion and metabolism. Since there is usually no lipemia under conditions 
m which large amounts of neutral fat are being mobilized to or away 
rom the liver, it is now recognized that the phospholipids play aD 
important role in fat transport by way of the body fluids and into the 
tissue cells; they may also represent intermediary products in the 

, vie vIrf 0 K Sm ni 0f fa \,T hC I,hysi0l °sy of tl,c phospholipids has been re¬ 
viewed by Bloor and by Sinclair. 

®'° rag * Fa * °y Adipose Tissue. In well-nourished animals large 
amounts of neutral fat are stored in the adipose tissue or so-called fat 

perirenal a t r i t ' CUlarly •" "v , subcutaneous omentum, mesentery, 

penrena 1 tissue, pericardial tissue, intramuscular tissue, and others 

ac ds Th e e 0 n S h'n r° f triglycerides of Palmitic, stearic, and oleic 
Hmtd how the amma ' b ° dy ‘° store M is Practically un- 

cent of Ihe body wdSt aVeraBC ^ "“ y be « h "“ as 10 >2 Per 

filIi l di r e , tiS ! U0 "° longcr bc reg “ rdcd “s connective tissue ful- 
.. g tb ® fooction of fat storage but must be recognized as a sneeifir 

ioloev of *« p W 8pec . labzed to store fat - In » recent review of the phys¬ 
iology of adipose tissue Wertheimer and Shaniro cite -vW... , 

of7ux y iUs iC g^dlike adiP t ° Se . tisS " e " normally in » continuous state 

’ ,t is glandlike in structure and function; it is capable of syn- 
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thesizing fat from carbohydrate; it can synthesize glycogen from sugar 
and in turn convert glycogen to fat; it can synthesize fat in the absence 
of glycogen; this liponeogenesis is associated with a R.Q. well above 
unity; adipose tissue incubated in vitro with serum enriched with 
deuterium oxide (heavy water), and in the presence of glucose, can 
synthesize fatty acids labeled with deuterium; and it can desaturate 
saturated fatty acids to the extent of one double bond. Adipose tissue 
is reported to contain the following enzymes: diastase, phosphatase, 
lipase, and dehydrogenase. It is especially rich in dehydrogenases. The 
work of Faucett and co-workers supports that of Wertheimer and 


Shapiro 

Physiologically storage fat is an economical reserve supply of 
energy-producing material since it is stored relatively free of water, 
possesses more than twice the calorific value per gram of carbohdrate 
or protein, and when oxidized liberates large quantities of metabolic 
water. The last factor is of considerable metabolic importance under 
conditions of water deprivation. The classical theory of the past that 
fat is stored in the adipose tissue only when given in excess of the 
caioric requirement of the animal has been disproved. When a quantity 
of food in excess of the current bodily requirement is ingested, the 
equilibrium shifts in favor of increased liponeogenesis and a positive 
fat balance. By the use of isotopically labeled fatty acids (D 2 ) Schoen- 
heimer and Rittenberg have demonstrated that the deposition an 
mobilization of fat occur continuously regardless of the nutritions 
state of the animal. Deposition of fat under conditions of excess dietary 
intake and decrease in body fat during starvation or hard work are 
illustrations of positive and negative fat balances respectively. e 
level of fat in the blood cannot be regarded as the only or even tie 


primary regulator of fat deposition or mobilization. 

During fasting, when the carbohydrate reserves are quickly re t ,ce 
to a low level, there is an increase in carbohydrate synthesis ^injn 
noncarbohydrate substances (gluconeogenesis) and an ,ncr " , 
mobilization and metabolism of depot fat to meet the energy nee s o 
the organism. Studies of the respiratory quotient show that this is 
In chickens, for instance, a quotient indicating essentially fat com 
tion is usually reached 24 to 30 hours after the last feeding. ^ 

Each animal ordinarily stores a fat that is largely characters ic^ 
the species. Yet when a foreign fat is fed in large quantities, i 
deposited with little or no change. It is a well-known fact t a ce 
foods when fed to animals have a tendency to cause the forma 
deposition of a soft fat. In swine feeding peanuts, soybeans, an - n 
are the common foods that produce soft pork. These foo s are 
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unsaturated fatty acids. A store of soft fat may be converted into one 
of hard fat by feeding for a time a diet high in carbohydrates, which 
leads to the deposition of a hard fat. 

From the work of Bloor and of Schoenhcimer it seems evident that 

the foregoing changes in fats are explainable in terms of one or more 

of the following: (1) changes brought about during absorption, such 

as rearrangement of the fatty-acid assortment that is combined with 

glycerol; (2) the selective oxidation of fats or fatty acids which are 

not characteristic of the species; (3) the mixing of absorbed fat with 

fat derived from carbohydrate; (4) the continuous transport of depot 

fat to the liver, which by conversion of one fatty acid to another 

produces an assortment of fatty acids characteristic of the species; and 

(5) similar interconversions in the adipose tissue itself. The last two 

factors are presumably very important and are considered again on p 
588. 


Liponeogenesis from Carbohydrates. That both fatty acids and 
glycerol can be formed metabolically from carbohydrates is now well 
established. Numerous experiments and practical experience in feed¬ 
ing farm animals and man have supported this fact. An animal on a 
carbohydrate-rich diet may, in a given time, lay down in its body more 
fat than was consumed in the food during the interval or could have 
been formed from protein. Other evidence is obtained from studies of 
carbon and nitrogen balances and of the respiratory quotient. Perhaps 
the most decisive proof, however, has been obtained from experiment! 
involving the administration of glucose or other carbohydrate contain¬ 
ing isotopic carbon. By this method it has been demonstrated that 
tatty acids are synthesized from 2-carbon fragments which arise from 
glucose or other forms of carbohydrate. 

The metabolic mechanisms for the synthesis of fatty acids and 

fai ^r , !„ kn0Wn - An examination of the glycolytic cycle 
t ig. 133A, p. 524) will reveal that glycerol is produced by way of a 

side reaction through dihydroxyacetone phosphate and a-glycerophos- 

phate and that pyruvic acid is an end product of complete glycolysis 

It has been well established that liponeogenesis from carbohydrate dc- 

and naT.h ?! the following: <•> «>c carbohydrate must enter 
and pass through the respective steps composing the glycolytic cycle- 

(2 oxidative decarboxylation of pyruvate and activation of the result- 

namclv a tr n ? ragment: (3) n<loqu<,te amounts of certain vitamins 
™ y ’ diamine, pantothenic acid, and riboflavin; (4) specific co-’ 

aThs A? Pt !' : iP0thifl 7'° phosphate ^TPP) an d 

acid complex and in which its specific activity depends upon Z 
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presence of an —SH group in its structure (Stadtman, Novelli, Lip- 
mann); (5) the respective enzymes involved; and (6) glycerol (Figs. 
133A, 13313, 134, pp. 524,525,529). 

It was formerly believed that the physiological actions of some of 
the vitamins on liponeogenesis were indirect ones by way of increasing 
the appetite and food intake. Since these vitamins are now known to 
be constituents of certain coenzymes involved in the synthesis of fatty 
acids, a more specific action is now recognized. In the conversion of 
oxvgen-rich carbohydrates to oxygen-poor fats the respiratory quotient 
may be greater than unity because of the extra oxygen derived from 
the former. Wierzuchowski and Ling found that quotients of about 1.4 
were maintained for many hours after starch was fed to a pig. For 
the conversion of glucose to palmitic acid the R.Q. is 8.0, and for the 
conversion of glucose to tripalmitate it is 4.91. Stetten and Boxer have 
shown that when animals are fed a high carbohydrate diet (D 2 -laheled 
glucose), fatty acid synthesis is a more important pathway in its utili¬ 
zation than is the formation of glycogen. In an average experiment 3 
per cent of the glucose was converted to glycogen, 30 per cent was con¬ 
verted to fat, and the remaining 67 per cent was oxidized to carbon 
dioxide and water. The over-all R.Q. of these processes would be 
above unity. 

According to Chcrnick, Masoro, and ChaikofT (who used C I4 -labclcd 
glucose), the liver is about 10 times as active as kidney or muscle m 
converting glucose to fatty acids. Masoro, ChaikofT, and Dauben ha'vc 
presented definite proof of extrahepatic lipogencsis from glucose. Ap 
parently adipose tissue can synthesize fatty acids from carbohydrate 
(Wertheimer and Shapiro). The composition of the fat synthesize 
in vivo from carbohydrate is that characteristic of the species. a 
synthesis occurs continuously and rapidly in normal animals whe ie 
fat is supplied in the diet or not. 

For the synthesis of fat from glucose the latter must first urn ergo 
glycolysis to pyruvic acid, which, in turn, loses carbon dioxide b> 0X1 
dative decarboxylation to yield "active acetate.” This process^ 
catalyzed by pyruvic oxidase in the presence of LTPP, a coe y . 
which, by the presence of its disulfide radical, acts as a carrier 0F 
transport of the CH 3 CO- group of decarboxylated pyruvic acir o c0 
zyme-A (HS-A) to form CH.CO^S-A (Fig. 134). In this process ^ 
2-carbon fragment of pyruvate is energized by the presence* ^ 

energy-rich sulfur bond to so-called "active acetate” or ace y 
This may follow any one of four or more metabolic pathways fl ^ 
dicated in Fig. 133B: (1) It may unite with oxalacetic acid ^ 
citric acid and pass through the tricarboxylic acid cycle, m 
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an equivalent of the 2-carbon fragment is oxidatively removed to form 
again a molecule of oxalacetic acid. (2) It may be used in the synthe¬ 
sis of fatty acids and fats. (3) It may unite with a similar molecule 
of acetyl—S-A to form acetoacetic acid and other ketone bodies. (4) 
It may be involved in any one of a number of acetylations. The chief 
if not the only site of ketone body production is in the liver. 

Formation of Fat from Protein. It is known that certain amino 
acids are glucogenic and may yield glucose or pyruvate in the animal 
body and that these may be converted to fat. The experimental evi¬ 
dence now available offers adequate proof that liponeogenesis from 
protein actually occurs (Lusk; Bloor; Longenecker; Stetten and 
Boxer). However, it is difficult to demonstrate the transformation of 
protein into fat, and it is doubtful if under ordinary conditions of feed¬ 
ing the amount of the change is of any importance. The following facts 
help to explain why the formation of fat from protein in the body is 
slight: (1) the amount of protein in the diet is comparatively small; 
(2) only some 58 per cent of the protein molecule is glucogenic and 
probably only a part of this glucose is converted to fat; (3) fat is less 
easily oxidized in the body than carbohydrate. 

Lusk reports experiments showing the formation of fat from protein. 
The glycogen stores of a dog were filled by carbohydrate feeding in 
the evening and a very heavy feeding of meat in the morning. During 
the height of the protein assimilation studies of the respiratory quo¬ 
tient and the heat elimination indicated the deposition of fat. When the 
glycogen deposits were low, glycogen was formed. When the glycogen 
depots were moderately filled and an excess of meat was fed, studies 
of the respiratory quotient indicated the deposition of both carbo¬ 
hydrate and fat, both derived from protein. Direct evidence of the 

formation of fatty acids from protein has been obtained by Longenecker 
and other workers. 


DYNAMIC STATE OF BODY FATS 

Until recently depot fat was generally regarded as a physiological 
energy store which in animals in nutritional equilibrium was essen¬ 
tially stable in both quality and quantity and was mobilized for 
energy purposes only in time of need. This viewpoint can no longer 

in Tf ed I”" 116 primari,y t0 the results obtained from experiments 
n which isotopic tracers were employed (Schoenheimer and other 

vestigators). Most of this work has involved the use of fatty acids 

hi A 7 hy f IOem (dcUtCTium) — fWy bound ,0 the carbo, 

uvebcc„ n r ad :i;zi; n c t d advances in intcrmcdiary fat met '* b ° ,ism 
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In an experiment in which palmitic acid, labeled with deuterium, 
was fed to normal rats which were in nutritional equilibrium, the iso¬ 
tope content of the body fat at the end of 8 days indicated that 44 per 
cent of the dietary fat had been deposited in the fat depots. Since the 
body weights of these animals remained constant, an equal quantity of 
depot fat must have been metabolized. Storage fat, like body protein, 
exists in a state of dynamic equilibrium with absorbed fat, blood fat, 
and liver fat. Depot fat is thus in a state of rapid flux. Schoenheimer 
estimated that 50 per cent of the body fat in the rat is turned over 
(degraded and regenerated) in 5 to 9 days; for liver fat alone the time 
is less than one day. However, species differences in rate of turnover 
have been reported. 

An analysis of the body fat for specific fatty acids following the 
feeding of palmitic acid which was stably tagged with deuterium re¬ 
vealed some unexpected results. In spite of the fact that only iso- 
topically labeled palmitic acid was fed, deuterium was found attached 
to the carbon chains of stearic, oleic, palmitolcic, myristic, and lauric 
acids in the storage fat. After labeled oleic acid was fed, similar results 
w r ere obtained. Fatty acids containing more than one double bond, such 
as linoleic, linolenic, and arachidonic, were not formed. These results 
indicate the simultaneous occurrence of several physiological reactions 
for the explanation of which the following conclusions seem necessary: 
(1) the fatty-acid chain can be shortened or lengthened stepwise two 
carbon atoms at a time; (2) fatty acids can be desaturated to the 
extent of one double bond, for instance, the conversion of stearic to 
oleic acid; (3) unsaturatcd fatty acids can be saturated by hydro¬ 
genation with the removal of the double bonds; (4) desaturation to 
the extent of more than one double bond cannot be effected in the ani¬ 
mal body. This last conclusion is of considerable importance, since 
Burr and co-workers have shown that linoleic, linolenic, and arachi¬ 
donic acids (with 2, 3, and 4 double bonds respectively) are indispens¬ 
able dietary requirements for rats. 

It is evident, therefore, that the animal body is capable of con¬ 
verting one fatty acid into another and does so even when the fatty 
acids so formed are plentiful in the diet. These changes are continuous 
processes with little or no relation to the body requirements. The con¬ 
versions are reversible. Evidence is rapidly accumulating that the liver 
plays a primary role in these interconversions; however, according to 
Wertheimer and Shapiro, it seems probable that some of these arc 
carried out in adipose tissue. 

Body phospholipid and cholesterol are similarly in a state of dy 
namic equilibrium and rapid flux; the half time of the former is abou 
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30 days, that of the latter about 20 days. The phospholipid turnover 
in the liver is extremely rapid, that in the tissues is slow. 

SUMMARY OF LIVER FUNCTIONS IN RESPECT TO FAT 

METABOLISM 

It may be helpful at this time to summarize the functions of the 
•iver relative to the intermediary metabolism of fat. The following 
are regarded as normal functions: 

1. Synthesis of fatty acids from carbohydrates. 

2. Synthesis of fatty acids from proteins or amino acids. 

3. Phosphorylation of fats: production of phospholipids from 
neutral fats. 

4. Conversion of one fatty acid into another: interconversion of 
fatty acids. 

a. By stepwise removal of two carbon atoms at a time: ^-oxida¬ 
tion of fatty acids. 

b. By lengthening of the fatty-acid chain by the addition of two 
carbon atoms at a time. 

c. By desaturation of saturated fatty acids to the extent of one 
double bond. 

d. By saturation of unsaturated fatty acids by hydrogenation 
and removal of the double bonds. 

5. Partial oxidation of fatty acids and the production of ketone 
bodies and lower fatty acids. This process is considered further 
under fat mobilization and oxidation. 

FATTY LIVERS AND LIPOTROPIC SUBSTANCES 

Under normal conditions the quantity of fat in the liver is fairly 
constant; an accumulation of excess fat in this organ is indicative of 
an alteration in fat metabolism. The production of fatty livers is 
generally due cither to a failure of fat transport from the liver or 
to an increased mobilization of fat from the depots at such a rate that 
the liver is unable to handle it. However, fatty livers may be produced 
by or be associated with one or more of the following: (1) high fat 
diets; (2) increased fat synthesis by the liver from the high carbohy¬ 
drate intake, excessive liponeogenesis from protein or amino acids, and 
administration of excess thiamine, biotin, or cholesterol; (3) mobiliza¬ 
tion of fat from the adipose tissue as evidenced under conditions of 
8 ress, hyperactivity of the sympathetico-adrenal system, insulin de¬ 
ficiency or diabetes, increased output and activity of the growth hor¬ 
mone of the anterior pituitary gland, hyperactivity of the cortico- 
aorenal system (especially when associated with increased growth 
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hormone), phosphorus or chloroform poisoning; and (4) deficient trans¬ 
port of fat from the liver to the extrahepatic tissues, including adipose 
tissue. 

The rate of this transport is dependent largely on the ability of the 
liver to phosphorylate and convert neutral fat to phospholipids. For 
this purpose adequate supplies of appropriate phosphate and lipo¬ 
tropic substances must be available. Under the term lipotropic sub¬ 
stances are grouped all those which will prevent or ameliorate fatty 
livers. Among these are choline and ethanolamine, which are normal 
constituents of lecithin and cephalin, respectively; serine and inositol, 
which may replace these to some extent; and methionine and betaine, 
since they serve as methyl donors in the synthesis of choline. 

Another lipotropic substance is lipocaic (Dragstedt and co- 
workers). This substance, possibly a hormone, is produced by the pan¬ 
creas, but it is not the same as insulin. For a time it appeared that 
lipocaic might be closely related to the pancreatic enzymes or might 
occur in the external secretion of the pancreas. Both of these possibili¬ 
ties seem to have been answered in the negative. Furthermore, the ideas 
that lipocaic owed its action to lecithin, choline, or betaine or that 
die general lipotropic action of protein had been mistakenly attributed 
to lipocaic have apparently been excluded by experimental work. The 
conclusion seems justified that lipocaic is a specific lipotropic factor 
produced by the pancreas. As noted above, it may be a hormone. It has 
not yet been obtained in pure form. How it prevents, or causes the 
disappearance of, an accumulation of fat in the liver is largely un¬ 
known. It is evident that it is in some way concerned with the trans¬ 
port and utilization of fat. In the absence of lipocaic fat accumulates 
in the liver, probably because of an increased rate of mobilization of 
fat or a decreased ability of the liver to metabolize it. Still another 
lipotropic substance is inositol. The lipotropic substances have been re¬ 
viewed by McHenry and Patterson. 

Under conditions of choline deficiency the animal body may e 
unable to synthesize sufficient choline to meet its requirement for 
this substance. Choline, or a choline precursor, may therefore be re 
quired in the diet. For this reason choline is frequently classed as a 
vitamin. Evidence has been presented that manganese has a lipotropic 
action, which is much greater when the choline content of the die 1S 
low. Some metabolic relationship between manganese and choline is 

apparent (Amdur, Norris, and Heuser). 

It is well known that a deficiency of thiamine or pyridoxine ,s * 1S ^° 
ciated with a decreased rate of fat synthesis and a decrease a 
content of the liver; that an excess of these vitamins will augme 
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fat synthesis umi tend to produce fatty livers, especially if there 
is a concurrent choline deficiency; and that choline administration 
under these conditions will prevent the development of fatty livers, 
increase phospholipid synthesis, and augment the rate of fat deposi¬ 
tion in the adipose tissue. It has also been shown that thiamine is 
essential for the conversion of carbohydrate to fat and that both this 
vitamin and pyridoxine are necessary for the conversion of proteins 
or amino acids to fats. Recent evidence has demonstrated that pyri- 
doxal phosphate, a derivative of pyridoxine, is the coenzyme for 
transamination and deamination of most amino acids. This is an ob¬ 
ligatory step in the conversion of amino acids to carbohydrate and 
fat. It has also been demonstrated that lipothiamid-pyrophosphate 
(LTPP, Fig. 134), of which thiamine is a constituent, is similarly an 
obligatory coenzyme for the oxidative decarboxylation and conversion 
of pyruvic acid, in the presence of CoA, to acetyl—CoA. This process 
is a prerequisite to liponeogenesis from carbohydrate. 

FAT MOBILIZATION AND ITS OXIDATION 

Storage fat can be mobilized physiologically at a more rapid rate 
than that characteristic of the dynamic state of flux if the bodily 
requirements so demand. This would occur under most conditions of 
stress, especially if severe. The present evidence strongly indicates 
that one or more of the hormones of the anterior pituitary gland 
play a special role in this process (Stetten and Salcedo). Injection 
of excess amounts of extracts of this gland usually results in the 
establishment of a lipemia, a fatty liver, and a decrease in storage 
fat. Since the functional activity of both the anterior pituitary and 
the adrenal cortices are essential for this process, it is now clear that 
ACTH is one of the AP hormones concerned with fat mobilization 
(MacKay and Barnes). Levin and Farber have presented sufficient 
evidence to emphasize the fact that both ACTH and the growth hor¬ 
mone of the AP are essential in the fat-mobilization mechanism (Fig. 
138, p. 546). As in the mechanism by which body protein is mobilized, 
the action of ACTH in fat mobilization is indirect through its control 

of the secretion of ACHs by the adrenal cortices (specifically the 
Cn-oxygenated AC hormones). 

Experimentally fatty livers can be prevented or if present can be 
ameliorated by either hypophysectomy or adrenalectomy. When the 
mobilization of fat is accelerated, it is transported to the liver in in¬ 
creased quantities, presumably for essential metabolic purposes Two 
of these are fairly well known: (1) the phosphorylation of fat, phos¬ 
pholipid synthesis, or conversion of relatively water-insoluble fats 
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to the more soluble phospholipids; (2) the conversion of fatty acids 
to acetate and ketone bodies. According to Lehninger, the complete 
oxidation of a large portion of the fatty acids in the mammalian 
organism takes place in two phases: (1) the conversion of fatty acids 
to ketone bodies by the liver and (2) the oxidation of these by the 
extrahepatic tissues. The liver has little or no ability to oxidize the 
ketone bodies, and “no other intermediates of fatty acid oxidation 
in the liver have been identified” (Lehninger). 

Oxidation and Synthesis of Fatty Acids. Prior to oxidation the 
neutral fats must undergo cleavage to fatty acids and glycerol. The 
latter substance, which constitutes approximately 10 per cent of the 
fat molecule, is known to be glucogenic and to be metabolized via 
the glycolytic cycle (Fig. 133A). That it may yield glucose to the body 
is indicated by the fact that when it is fed to phlorhizin-diabetic 
animals (dogs) the sugar output in the urine is increased. 

Although the higher fatty acids arc water-insoluble, there is satis¬ 
factory evidence that they are oxidized for energy purposes by skeletal 
muscles, heart, brain, spleen, lungs, kidneys, and liver (Chaikoff and 
Brown). The lower fatty acids, namely, acetic, butyric, caproic, and 
caprylic, are water-soluble and have been shown to be oxidized directly 
bv the extrahepatic tissues, following hepatectomy in dogs, to the 
extent of about 50 per cent of the amounts oxidized in the normal 
intact animal (Dye and Marstcrs). 

After many years the principle of (3-oxidation of fatty acids, first 
postulated by Knoop in 1904, is now quite generally accepted, with 
certain modifications however. The (3-oxidation, 2 -carbon-fragment- 
condensation theory of MacKay and co-workers for fatty acid oxida¬ 
tion, fatty acid synthesis, and ketone body production has been con¬ 
firmed by isotopic-tracer methods (Weinhouse and co-workers). The 
naturally occurring fatty acids, almost without exception, are mem¬ 
bers of the even-numbered series. For example, by (3-oxidation stearic 
acid may yield stepwise each of the even-numbered fatty acids ranging 
from Ci R to C 2 . As in the case of carbohydrate oxidation, it is now 
recognized that before oxidative energy can be obtained from fa . 
acids energy must be expended upon them to energize them to a s a 
of oxidative reactivity. For this purpose both ATP and CoA are re 
quired (Lynen; Kornberg and Pricer; Wakil and Mahler). The c emi 
cal structure of CoA is fairly well known; it consists of ( 3 -mercap 
toethylamine, which contains a sulfhydril (-SH) group, pantot cni^ 
acid, adenylic acid, and two phosphate groups. Since the -SH °PP® a 
to be the reactive group of CoA, the latter may be represen e 
HS—A. Although not fully understood, the mechanism of (3-oxic a 
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and the synthesis of fatty acids are presented according to present 
concepts in the following paragraphs and as illustrated in the accom¬ 
panying scheme. 


(1) 

( 2 ) 

(3) 

(4) 

(5) 
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It now seems evident that the initial step (1) in the process of 
^-oxidation of fatty acids is that of energizing the fatty acid at its 
carboxyl group by ATP in the presence of HS-A to form the cor¬ 
responding acyl'-'S-A. The energy-rich sulfur bond is similar to that 
of the energy-rich phosphate bonds of ATP. The second step (2) 
consists of an oxidative removal of 2H and introduction of a double 
bond between the a- and (J-carbon atoms of the fatty acid; this is 
catalyzed by a suitable dehydrogenase and the coenzyme flavin- 
adenine dinucleotide (FAD, p. 568). Step (3) consists of a hydration 
of the unsaturated fatty acid at the ^-position. Step (4) is an oxidative 
removal of 2H in the presence of a dehydrogenase and DPN to form 
the corresponding p-ketoacid and DPN-2H. In step (5), in the pres¬ 
ence of additional ATP and HS-A, the two terminal carbon atoms 
of the fatty acid chain are split off as acetyl~S-A. This leaves a 
fatty acid chain which is shorter by two carbon atoms and which 
is energized at the carboxyl group. The reaction included in steps 
2 to 5 inclusive may be repeated consecutively until the entire fatty 
acid chain is converted to acetyl~S-A or what is commonly termed 
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“active acetate.” It should be remembered that the glyculytic product 
of carbohydrate, pyruvic acid, also enters the tricarboxylic acid 
cycle as acetyl—S-A (Fig. 133B). In either case complete oxidation 
of this 2-carbon fragment, common to many metabolites, is accom¬ 
plished in this oxidative cycle. 

In the presence of adequate amounts of oxalacetic acid acetyl'-'S-A 
unites enzymatically with the acid to produce citric acid and the 
various intermediates in this cycle (Stern, Ochoa, and Lynen). In this 
process the two carbon atoms of the carboxyl groups of the initial 
oxalacetic acid are removed successively by oxidation (-2H) and 
decarboxylation (-C0 2 ) as illustrated in Fig. 133B. The remaining 
four carbon atoms, two of which were present in the oxalacetic acid 
and the other two were supplied by the 2-carbon fragment entering 
the cycle, form the resultant oxalacetic acid at the end of the cycle. 
If this is recircuitcd through the cycle, its two carboxyl carbon atoms 
are removed oxidatively and so on in the successive cycles. 

The process of synthesis of fatty acids from 2-carbon fragments 
is apparently the reversal of the (3-oxidation process, that is, these 
fragments must be energized to acetyl-—S-A, which in turn reacts with 
a similarly activated molecule or with a longer fatty acid chain, which 
is also energized at its carboxyl group in the same manner. These 
processes may be termed successive acetylations. Since HS-A serves 
as the specific coenzyme in a large variety of acetylations, it is known 
as the acetylation cocnzyme. Included among these is the synthesis 
of aectoacetic acid, which can be reduced enzymatically to (3-hydroxy- 
butyric acid. These arc the two most important so-called ketone bodies. 
It has been known for a long time that both carbohydrate and cer¬ 
tain amino acids may be kctogenic. According to Lehninger, in the 
absence of oxalacetate the liver oxidizes pyruvate quantitatively to 
aectoacetic acid. The explanation for this apparent anomaly is cvi 
dent from a study of Fig. 133B, since both carbohydrate and gy 
eogenic amino acids gain entrance into the tricarboxylic acid eye 
as pyruvate or oxalacetic acid and since the former must be cncrgiz 
to acetyl—S-A. 

The Ketone Bodies. The following fundamental facts concerning 
the ketone bodies, acetoacetic acid, (3-hydroxy butyric acid, and acetone, 
are now well established: (1) The liver is the primary if n0 
only site of ketone body production. (2) They are normal in er 
mediary metabolites which arise primarily from the catabo ism ^ 
fatty acids, but under certain conditions they may also arise r 
certain amino acids and from pyruvate (Fig. 133B). (3) Ketone o 
are not utilized by the liver, but are readily and rapidly oxi ,zc 
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the extrahepatic tissues, including skeletal muscle, heart, lungs, kid¬ 
neys, and adrenal glands. (4) They may supply an appreciable portion 
of the energy requirements of the animal, a fact which is not gener¬ 
ally appreciated (Lehninger). (5) In diabetes and presumably in 
other conditions associated with ketosis 10 per cent or less of the 
ketone bodies produced are excreted in the urine (Stadie). (6) 
Ketonemia and ketonuria arise only when the rate of ketogenesis ex¬ 
ceeds the rate of utilization of the ketone bodies. (7) The extrahepatic 
tissues of ketotic animals can utilize these substances as well as can 
those of normal animals (Chaikoff and Soskin; Dye and Chidsey). 
(8) Neither ketone bodies nor glucose, when administered intra¬ 


venously, directly affects the utilization of the other, but each is 
catabolized at a rate which is proportional to its concentration in the 
blood and interstitial fluid. (9) Physical exercise increases the utiliza¬ 
tion of ketone bodies by the muscles up to 10 times in normal animals 
and 3 to 5 times in diabetic animals. (10) Fatty acids of the odd- 
number series with 5 to 11 carbon atoms are both glycogenic and 
ketogenic since the 2-carbon fragments split off by (3-oxidation are 
ketogenic while the terminal 3-carbon fragment is glycogenic. (11) 
The capacity of the extrahepatic tissues to utilize ketone bodies is 
equivalent to 5 to 7 times the basal metabolic rate (Stadie). 

Since the renal threshold for ketone bodies is relatively low (Dye 
and McCandless), they are excreted in the urine when their concen¬ 
trations in the blood rise above this threshold. This is an indication of 
the capacity of the renal tubules to reabsorb these substances. Schwab 
and Lotspeich have shown that in the dog 


acetoacetate is a threshold substance whose reabsorption is essentially complete 
under normal conditions of plasma concentrate. As the plnsma level is pro¬ 
gressively increased, reabsorption of acetoacetate keeps pace until an unstable 
maximal reabsorption rate is reached; further increases in plasma acetoacetate 
land thus filtered load) cause the frank excretion of acetoacetate in the urine as 
the maximal rate of reabsorption is exceeded. At increasingly higher loads the 

aUogether 0 rCabS ° rb acetoacetatc progressively declines until it practically ceases 


There is no obligatory simultaneous oxidation of carbohydrate 

with fats in the sense or degree originally proposed in the (3-oxidation 

theory (Dye and Chidsey); however, the maintenance of a certain 

level of oxalacetic acid, either by glycolysis of carbohydrate to 

pyruvate and its carboxylation to form oxalacetic acid or by the nro- 

of this . acid from glucogenic amino acids as indicated in Fie 

is imn 8 T ent , ,al '*T hC prcsencc of oxa,acetic acid in adequate amounts’ 
is imperative for the entry of acetyl~S-A into the tricarboxylic acid 
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cycle regardless of whether it is formed from the (3-oxidation of fats, 
from pyruvate, or from either glycogenic or ketogenic amino acids 
(Figs. 133B, 134); this is specifically true for the liver. Although 
ketone bodies, especially acetoacetic acid, are toxic when present in 
excessive cpiantities in the body fluids, they are less toxic than the 
sodium salts of the higher fatty acids (Dye and Chidsey). 

Ketosis. In farm animals ketosis (acetonemia) occurs most fre¬ 
quently in high-producing dairy cows and in pregnant ewes (preg¬ 
nancy disease); however, it may be found occasionally in dogs or 
other animals which arc suffering from diabetes. Christensen and 
Schambye have reported diabetes in the cow. Ketosis of varying intensi¬ 
ties may be associated with starvation, high-fat diets, alkalosis, im¬ 
paired liver function, infectious diseases, anesthesia, hepatitis, early 
cirrhosis of the liver, advanced circulatory failure, endocrine disorders 
including diabetes, hyperfunction of the anterior pituitary or adrenal 
cortex, and conditions in which there is an excess of female sex 
hormones (Soskin and Levine). 

Ketosis is a manifestion of a metabolic disorder and is not a disease 
entity. Unlike specific infectious diseases, it may be precipitated by 
one or more of a variety of nonspecific causes or stresses; the “trigger 
factor” or apparent cause of the ketosis may be any one of several 
disturbing conditions. Mctabolically ketosis is characterized primarily 
by an imbalance between the caloric intake in the diet and the caloric 
requirements. This imbalance is associated with the following physio¬ 
logical disturbances: (1) varying degrees of hypoglycemia; (2) hver 
glycogen depletion; (3) an increased rate of mobilization and catab¬ 
olism of body protein and an associated increase in endogenous 
gluconeogenesis from amino acids; (4) an increased mobilization and 
catabolism of body storage fat and an augmented utilization of fntt} 
acids by the extrahcpatic tissues; (5) marked loss of body weight, 

(6) fatty liver and ketogencsis; (7) increased excretion of urinan 
nitrogen proportional to the increased rate of amino acid catabolism, 

(8) ketonemia, ketonuria, and frequently acidosis; (0) inappctcncc, 
and (10) dehydration which is secondary to a decreased water inta'e. 
When considered collectively these changes, with the exception of t c 
last two, are specifically indicative of compensatory adjustments v\ ,c 
are physiologically elicited for the mobilization of bodily resource* 
to supply the immediate needs of the organism. In mild forms 
ketosis the glycemic level may be within the lower limits o 
normal range. . 

For purposes of classification ketosis may be subdivided into 
or uncomplicated and secondary or complicated ketosis. In t e o 
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the metabolic disorder is characterized as an imbalance between the 
caloric intake and caloric requirement for the existent physiological 
condition such as fasting, starvation, high-fat diets, pregnancy in 
ewes, and lactation in high-producing dairy cows. In secondary or 
complicated ketosis the caloric imbalance may be induced or aggra¬ 
vated by any one of a variety of pathological conditions such as milk 
fever, metritis, dystocia, retained placenta, cystic ovaries, pneumonia 
(Henderson); thoracic abscesses, nephritis, digestive disturbances, 

metritis, endoparasites (Glenny); and traumatic indigestion (Carl- 
strom). 


Physiological Basis of Ketosis. A physiological approach to the 
study and understanding of ketosis in relation to cause, course, nature, 
mechanisms involved, and treatment was undertaken and emphasized 
by Sampson and Boley in 1941, by Dye and McCandless in 1948, and 
by Dye and co-workers in 1953 with special reference to ketosis in 
high-producing dairy cows and in pregnancy disease in ewes. Addi¬ 
tional information can now be presented, especially concerning the 
metabolic processes and special physiological mechanisms involved. 
The metabolic demand of high-producing dairy cows is approximately 
doubled with the onset of lactation after calving (Brody and co¬ 
workers), while parturition itself also exacts its quota. The maximal 
metabolic demand of ewes occurs during the last stages of pregnancy. 
That such a metabolic imbalance exists under these conditions is 
supported by the well-known facts that the surest way to remedy 
ketosis in pregnant ewes is to terminate the pregnancy and in the 
high-producing dairy cow to dry up the animal. 

The intimate relationship between the glycemic level, carbohydrate 
intake, and ketonemia in pregnant ewes is shown in Fig. 142. An 
inverse relationship between (1) the caloric intake and glycemic level 
and (2) the ketonemic level is clearly evident. This interrelationship 
ns been observed and stressed by many investigators of the problem 
* ampson and Boley, 1941; Sampson and Hayden, 1936; Roderick 
and co-workers, 1933, 1937; Fraser and co-workers, 1938; Dye and 
co-workers, and others). The ketosis commonly found in high-producing 
dairy cows and in pregnant ewes is not associated with diabetes; the 
ormcr is accompanied by a hypoglycemia while the latter is asso¬ 
ciated with hyperglycemia. In ketosis there is no inability of the 
mmal to utilize glucose. Since two of the ketone bodies are acids, an 
r re t J‘- "ii^ d « vcl °P t0 the extent that these arc neutralized and ex- 

»nd body fluids"' diSt " rb ‘ hC “ Ci "- baSC bn, "" re ° f «- bl °°« 

The physiological mechanisms concerned with the control of the 
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metabolic reactions in relation to ketogenesis are complex. These have 
been indicated in Chapter XXII under the general topic, regulation 
of carbohydrate metabolism (p. 538). More specifically these involve: 
( 1 ) the effects of glucose concentration in the blood; ( 2 ) the homeo¬ 
static mechanism of the liver; (3) the sympathetico-adrenal system 
as an emergency mechanism; (4) insulin, its secretory control and 
actions; (5) the secietory control and physiological actions of ACTH 
and STH of the anterior pituitary gland; ( 6 ) the ACHs of the adrenal 



one hand, and the ketoncmia in these ewes. S.E., starch cqui\alcnts. 

Fraser, Godden, Snook, and Thomson, Journal of Physiology, 1 

cortex, their secretory control, and physiological actions. A re ^" , ^4 
these topics and reference to Figs. 133A, 133B, 134, 138, 1 » a fln( j 

will be helpful to an understanding of the underlying mec 1 am 

physiological nature of ketosis. . SSO ciated 

Of the metabolic disturbances listed on p. 596 as eing a ^„ 
with ketosis, hypoglycemia may be considered a * trigger aC , flrac t e r. 
initiates most of the others, and these are compensatory in jj en t and 
Because of the hypoglycemia per se the glucose diffusion gr fe | a . 
rate of entry of this sugar into the cells will be diminis e 
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tion to the homeostatic mechanism of the liver this hypoglycemia will 
induce an increased rate of glycogenolysis and thus tend to maintain 
01 luise the glycemia level. The same hypoglycemia is also an appro¬ 
priate stimulus to the posterior hypothalamus from which impulses 
are carried via the sympathetic nerves to the adrenal medulla to in- 
ciease its output of epinephrine. This hormone, in turn, will effect 
two important physiological responses which also aid in the mainte¬ 
nance of the glycemic level: ( 1 ) an increased hepatic glycogenolysis 
^y augmenting the rate of phosphorolysis; and ( 2 ) stimulation of the 
A1 to increase its output of STH and ACTH. Each of these will tend 
to elevate the glycemic level, STH by inhibiting the rate of entrv of 
glucose into the cells and ACTH via ACHs by their well-known actions 
on the mobilization of body proteins (amino acids) and endogenous 
g uconeogensis from these by the liver. On the other hand, the com¬ 
ined actions of these same hormones constitute the endocrine mecha¬ 
nism y which depot fat is mobilized and carried by the blood to both 
the liver and extrahepatic tissues (Levin and Farber). The physio- 
ogical value of these processes is concerned with the mobilization of 
° ,1 y resourccs relative to the energy requirements of the organism 
and conservation of its carbohydrate supplies. Under existing eondi- 
10 ns these sources of endogenous calories from fat prove beneficial 
0 the extrahepatic tissues but may not do so to the liver. 

ig. 138 embodies a diagrammatic presentation of the over-all 
interrelatmnships between hypoglycemia and other stresses as de- 
•ribed in the previous paragraphs. A more detailed presentation of the 

Zr r ^ in glyC ° lysis is g ive " in Fig. 133A and those of the 

AnMv b 0 Xy r hC , aCK ° r ° Xldativc cycle in the ,iver in F »g- 133B. A careful 

lit 0 , 7 ' d he ,' P ‘° clnrify f " rtl,cr relationships concerning 

role of H C r^ a tyaC : d ° Xldatlon ' biogenesis, fatty livers, and the 
carbohydrate in fatty acid oxidation and in antiketogenesis. 

pathway hv* °r 7 V'^ 8 ! yC ° lysis via offers the primary 

patln ay by which carbohydrates enter the tricarboxylic acid cycle 

»nd that pyruvate may enter this cycle by one or both of two 

hanne's: ( 1 ) as accty!~S-A (Figs. 133B and 134), and ( 2 ) by con! 

It m..,v 0Xalacct,c acld h - v carboxylation or carbon dioxide fixation. 

bolic f i” S ° r 8<!Cn t lat th,s acid can 1,0 formed by any of the meta- 
intermediates of the tricarboxylic acid cycle from citric acid to 

Sdicaud“L a !he I 5V h? 1 a ' k f et w aCidS ° f the e ,uc °Konic omino acid.s as 
maicatcd on the left side of Fig. 133B, but not by any 2-carbon fine 

ment introduced as acctyl~S-A. Furthermore, all intermediate sX 

nees which can form oxalacetic acid or pyruvic acid arc glucogenic 
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and glycogenic. This is the only known pathway by which glu- 
coneogenesis from amino acids can occur. 

Under conditions of hypoglycemia, hepatic glycolysis and the 
formation of both pyruvic and oxalacetic acids from carbohydrate are 
extremely low. Due to this fact and also to the presence in the liver 
of a very active oxalacetic acid decarboxylase, the reaction equilibrium 
between these two acids is much in favor of pyruvic acid. This is of 
fundamental importance since it largely determines whether an adequate 
supply of oxalacetic acid is maintained, especially under conditions of 
hypoglycemia. Since this acid is essential for the entrance of acetyl—S- 
A into the tricarboxylic acid cycle and since carbohydrate, protein, and 
fatty acids must be converted to acetyl—S-A in order to enter this 
oxidative cycle, oxalacetic acid may become a limiting factor. So 
long as the acid is available in sufficient amounts, minimal quantities 
of acetoacetic acid and other ketone bodies will be formed; however, 
if it is deficient in amount, acetyl'— S-A units will accumulate and 
conjugate to form acetoacetic acid in increasingly larger amounts. 

From the liver the ketone bodies pass into the blood and to the 
extrahepatic tissues where they can enter the tricarboxylic acid cycles 
of the cells and be utilized for energy purposes. The quantities o 
ketone bodies excreted by the kidneys represent only a small per 
eentage of those produced by the liver and are dependent upon t ie 
renal threshold for these substances. In ketotic animals the concentra 
tion of ketone bodies in the urine tends to be inversely proportions 
the urine volume. Because of this the blood ketone level is much more 
reliable than that of the urine as an index to the severity of the exis 


ing ketosis. , • 

Under most if not all conditions associated with ketosis t ere^ 

also an accompanying gluconeogcnesis from protein in which t e in ^ 
mediate reactions must pass through oxalacetic acid. It may app ^ 
that this would offer complete protection against ketosis. It s iou ^ 
remembered, however, that in the relative absence of hepatic g 
the gradient of concentrations of the reacting metabolites, oxa a ^ 
and pyruvic acids, is much in favor of reverse glycolysis to 6 
phosphate and passage of glucose into the blood. This corn sc 19 j acc tic 

facilitated by the very active hepatic decarboxylase or ox 

acid. So long as the hypoglycemia persists, this metabo ic P 1C _ > na j 
tend to prevail; it is probable that this is true also or 


hypoglycemias. . fitment which 

Physiological Basis of Therapy for Ketosis. Any logical and 
will raise and maintain a normal glycemic level is a 
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effective therapeutic measure for ketosis. Because of bacterial fer¬ 
mentation in the rumen, the administration of sugar or molasses per 
os to ketonemic cattle or sheep is of little or no value. Intravenous 
injections of 40 per cent glucose solutions are successful in a high 
percentage of cases, especially those having primary ketosis. More 
persistent cases require repeated injections of glucose, usually at short 
intervals, since the resultant hyperglycemia of a single injection is 



short lived. Continuous intravenous infusion of glucose, by the u«e 

to use in the fi, 11"? <1!0bCrtS " nd DyC) ’ iS m ° re c,rcctive but d^uit 
o use in the field. In many instances ketosis may be prevented or cor 

ccted by increasing tbe feed intake, especially the grain ration if 
accomplished before the animal refuses to cat. ’ 

soneT 7 C 1 tly . var '°us hormone preparations, especially ACTII corti 

have be^n deSmt ^ 8 mT 6 7^ ‘° “ ‘-'T ° XtCnt ’ gr0wth h »™one 
dairy cattle a“d sheen (S . a cmc “ c,0us ln , the tre atment of ketosis in 

co-workers and o hem) The , C °: workcrs . 1952; Dye and 
, nu others). The mechanisms involved in the action of 
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these hormones are indicated in Figs. 13313 and 138 and in the discus¬ 
sions on previous pages. From these it is apparent that these hormones 
are therapeutically valuable in the treatment of ketosis primarily be¬ 
cause of their ability to stimulate the animal to produce its own glucose, 
at the expense of its body constituents. 

In Fig. 143 the blood glucose, blood ketone, and milk production 
values are plotted against time following the administration of corti¬ 
sone to a typical case of primary ketosis. An inverse relationship be- 
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Fig. 144.—Graphic presentation of the interrelationship which exists between t ie 
glyccmic level, blood ketones, and milk production in a 6 -year-old Holstein cow 
which was suffering from secondary ketosis, associated with retained membranes, 
metritis, and vaginitis. Therapy: cortisone intramuscularly, as indicated, g uc<x 
intravenously. Note that cortisone aggravates the ketonemia until the g yc e 
level is returned to about the normal level. (From Dye, Roberts, Blampic , ° n 
Fincher, Cornell Veterinarian, 1953, 43.) 


tween the glycemic and ketoncmic levels is indicated, while a ircc 
relationship exists between the glycemic level and the milk °^P U ^’ 
One apparent divergence from this generalization is indicated b c " ec ^ 
the fourth and eighth days when a moderate hypoglycemia deve 0P e ^ 
without an associated change in the ketosis and milk production. ^ ^ 
temporary hypoglycemia is interpreted as representing a perio 
partial inhibition of the AP-AC (Sayers) as a result of the prev 
exogenous supply of cortisone (Fig. 138). 
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Fig. 144 depicts graphically the data obtained from the administra¬ 
tion of successive doses of cortisone to a ketotic cow which was 
simultaneously suffering from retained membranes, metritis, and vagi¬ 
nitis. It will be noted that the animal appeared to be refractory to the 
first three 500-mg. doses of cortisone, doses which were definitely 
marginal. These curves, however, demonstrate the important fact 
that cortisone can be ketogenic unless the glycemic level is sufficiently 
elevated by the same or other treatment. This result might have been 
expected on physiological grounds, since it ha? been demonstrated that 
ACHs, in the presence of growth hormone, facilitate the mobilization 
of depot fat to the liver and ketogenesis if associated with a deficiency 
of oxalacetic acid. The same hormones, by their action in mobilizing 
body fat, will tend to increase fatty acid oxidation in the extrahepatic 
tissues. It will be noted that the ketosis subsides progressively as 
the glycemic level is sufficiently raised. 

Chloral hydrate, sodium propionate (Schultz), and sodium acetate 

have proved to be valuable in the treatment of ketosis, especially 

the first two of these substances. Propionate is a normal fermentation 

product in ruminal digestion and is known to be glucogenic. Acetate 

winch is also a fermentation product in the rumen, is ketogenic in the 

absence of an adequate level of oxalacetic acid and may aggravate the 

existing ketosis. If, however, the oxalacetic acid level is appropriately 

maintained, it may be utilized for energy purposes and thus replace 

or spare carbohydrate. The mode of action of chloral hydrate is uncer- 

am. Apparently it has no direct action in raising the glycemic level 

or m reducing the blood ketone bodies. Link suggests that it increases 

he catabo ism of protein. It is known to suppress the nervous signs of 
ketosis if they are present. 
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Energy Exchange; Minerals and Vitamins 




Chapter XXV 


ENERGY METABOLISM 


ALL the energy displayed by the animal body—heat, mechanical 
L V. energy, electrical energy—comes from the oxidation of the or¬ 
ganic foodstuffs: carbohydrate, protein, and fat. Water, inorganic 
salts, and vitamins, necessaiy as they are, do not supply energy to the 
body. When the energy-producing foodstuffs are oxidized in the body, 
the latent or potential energy locked up in their molecules is released 
and serves to supply the animal with its energy requirements. The 
potential energy of the food comes from the sun, whose energy, in the 
presence of chlorophyll, is used to build up sugar from carbon dioxide 
and water. Whenever the sugar is oxidized to carbon dioxide and 
water, the same amount of the sun’s energy stored in it is set free. 

Units of Heat. The unit of heat is the calorie (cal.), which is the 
“™ U "‘ ° f J\ eat . rCf l»'rcd to raise the temperature of 1 gm. of water 
y. the Calorie or kilocalorie (Cal.) is equal to 1,000 eal. and is the 
unit commonly used in physiological work. One Calorie equals 427 
kilogram-meters. Another unit, the Therm, is sometimes used in com- 
pu a ions dealing with large animals. It is equivalent to 1,000 Cal. 

Heat Values. When carbohydrates and fats are oxidized in the 
body they yield the same end products, carbon dioxide and water a* 
when burned outside the body. Therefore the amount of heat given’off 
m the two combustions is the same per unit of weight of the substances 
and is, on the average, for a gram of carbohydrate 4.1 Cal. and for a 

eoZlel 1 at 9 fn C k L , Protcins ' on the contrary, cannot be oxidized as 
omplete |y in the body as outside. Hence they yield a smaller amount 

of heat in the body than outside. This is because a number of protein 

Icnvat'ves, the most important of which is urea, escape oxidation in 

he body and are eliminated in the excreta, whereas outside the body 

y are capable of being completely burned. The heat value of a gram 

HZ r mctaboIiz " ) ‘ho body is, on the average 4 , cT 

Z K r' y .J 5 P " C . Cnt as Rreat as its ''eat value when burned ou£“de 
tbe body; the remaining 25 per cent of energy is lost to the body 

Income of Energy. The total or gross energy of the tod as de- 
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terinined by its heat of combustion in some form of calorimeter (bomb 
calorimeter), is the gross income of energy of the body, and for con¬ 
venience it may be expressed as heat, although of course when it is 
liberated by oxidation in the body some of it may appear as me¬ 
chanical work. 

The urine , because it contains a number of substances (urea and 
others) capable of being further burned in the calorimeter, is a source 
of energy loss to the body of all animals. The feces likewise contain 
materials that are capable of further combustion. This is particularly 
true of the feces of herbivores because of the relatively low digestibility 
of their foods. In addition, in herbivores combustible gases, mainly 
methane, formed by fermentation in the alimentary canal and elimi¬ 
nated from the body, must be taken into account. They are of no 
account in carnivores and man. The potential energy of the feces, urine, 
and combustible gases must therefore be determined, and this can be 

done by collecting these substances and measuring their heats of 

• 

combustion. Finally, the increase in heat production that accompanies 
and follows feeding must be considered. This heat increment or 
calorigenic effect is lost to the body except in cold weather, when it 
is of use in keeping the animal warm. The method of determining the 
calorigenic effect, as well as its cause, will be mentioned later. 

On typical rations herbivorous animals (cattle, rabbits) lose in the 
feces about 28 per cent of the gross income of energy, in the urine about 
5 per cent, and in the combustible gases about 9 per cent. All of these 
losses tend to increase with increases in the plane of nutrition, but the 
changes are usually not very great. The loss attributable to the heat 
increment of feeding, however, varies greatly with the plane of nutri 
tion. The range is from approximately 3 per cent of the gross energ> 
when the animal is on a half-maintenance ration to about 20 per ce 


when the food intake is maximal (Brody and Proctor). g 

The sum of these four energy losses must be deducted from the gros. 

income of energy. The difference is the net income of energy. 

Outgo of Energy. This can be expressed as heat and can be c c 
mined either directly, by measuring the heat elimination, * ncU 
the latent heat of water vapor, in a calorimeter, or indirectly, by 
lations based on the oxygen consumption and carbon dioxide P r0 . 
tion of the animal. The former method of determining heat pro 
is known as direct calorimetry, the latter ns indirect calorimetry ^ 
By comparison of the net income of energy with the ou g 
energy, it is possible to determine whether there has been a g am 0 
of energy by the body. 
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INDIRECT CALORIMETRY 

The amount of heat produced in the body can be calculated from 
the gaseous metabolism, as determined with some form of respiration 
apparatus. I his is the method of indirect calorimetry. In general, two 
types of respiration apparatus are available for this purpose: the open- 
circuit and the closed-circuit types. 

Open-Circuit Types. 1. The original open-circuit respiration ap¬ 
paratus was designed by Pettcnkofer. The animal, inclosed in a cham¬ 
ber, breathes in a continuous current of outdoor air, the amount of 

passage through a gas meter. Continuous 
samples of air are taken at the points of entrance and exit. From these 
samples and the total amount of air passing through the chamber, 

the oxygen consumption and carbon dioxide production can be cal¬ 
culated. 

2. Haldane’s modification of the Pettcnkofer method is well adapted 
for small animals. It is a gravimetric method. The apparatus (Fig. 
145) consists of a chamber for the animal, an ingoing chain of ab¬ 
sorber bottles, an outgoing chain, a gas meter, and a pump. Air enter¬ 
ing the animal chamber is made free of water vapor and carbon dioxide 



Fie. 145.- Diagram of the Haldane respiration apparatus. A.C., animal chamber- 

vL f0r .. m ^ , f nn S tbe rate of ventilation. Bottles 1 and 4 contain soda lime 

Idf.S r ’/° r absorpt,on of carbon dioxide. Bottles 2, 3, and 5 contain 

JSL-J f °[ abs ° rpt, ° n ° f water. Air entering the animal chamber is freed 

lives off caibon 1 ^ V nd . m0,S ' Ure by pnssa « e throu eh bottles 1 and 2. The animal 
g cs Off carbon dioxide and moisture, and these are collected in the bottles of 

the o Utgoing chain. Bottle 5 is necessary because soda lime gives off moilture 
The - D We .‘ g “ t °[ bott,e9 4 and 5 represents the carbon dioxide production 

and r.? am y? WClght of bott,es 3 > 4 » and 5 minus the loss in weight of the animal 
nd chamber represents the oxygen consumption. 


™ age through sulfunc acid and soda lime or caustic alkali. The 

thA 1 " 8 [ ! ir rr c l ontain8 water va P° r and carbon dioxide derived from 
theammal.Thes® are absorbed by appropriate reagents. The carbon 

1 e production is determined directly by the gain in weieht of the 

indi r 0 e n ettbv e t;: bSOrbCr -° f ° U ' 8 ° ing ^ ‘"-W" 

y y the gam in weight of the water and carbon dioxide ab- 
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sorbers less the loss in weight of the animal and chamber—the insensi¬ 
ble loss. 

The oxygen determination is based on the long-known principle 
that the insensible loss of an animal equals the weight of the gaseous 
outgo minus the weight of the gaseous income. Since it is assumed that 
carbon dioxide and water vapor are the only gaseous excreta of signifi¬ 
cance and the gaseous income is oxygen, it is evident that— 

Insensible loss = (H 2 0 + C0 2 ) — 0 2 

and that— 

0 2 = (HoO + C0 2 ) — Insensible loss. 


An example may be given showing the calculation of the oxygen 
consumption. During a 4-hour period in a Haldane chamber a hen 
showed a total insensible loss of 13.50 gm., an insensible water loss of 
10.05 gm., and a carbon dioxide production of 12.82 gm. 

0 2 = (10.05 + 12.82) — 13.50 
= 9.37 gm. 

3. Some open-circuit types of apparatus do not utilize an animal 
chamber but are equipped with a mask for the face or a tube for inser¬ 
tion into the trachea, appropriate valves, and a spirometer or a col¬ 
lapsible bag for collecting the expired air. The volume of collected air is 
determined by passage through a gas meter, or by direct reading if a 
spirometer is used, and samples of it are analyzed for their oxygen 
and carbon dioxide contents. If the composition of the inspired ft,r J® 
known, the oxygen consumption and carbon dioxide production can 

calculated. . 

Closed-Circuit Type. This type of respiration apparatus was de¬ 
vised by Regnault and Reiset. In it the animal breathes in a c ose^ 
space, the carbon dioxide being nbsorbed by a suitable reagent an 
the oxygen being replaced from an oxygen tank. Thus the car 
oxide production and the oxygen consumption can be determiner • 
closed-circuit apparatus may be used without a chamber, in w nc 
a mouthpiece or mask and a bag or spirometer are necessary, n ^ 
applications of this method the carbon dioxide determination, 

its absorption, is omitted (Fig. 146). .. re . 

In herbivores when it is desired to determine not on y 
spiratory exchange and thus the metabolic heat production 11 ^ cflng 
energy given off in the gas methane, it is necessary to provi 
for the determination of this gas. 
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I io. 116.—A method of measuring the energy metabolism (oxygen consumption) 
of animals. The face mask is connected with the spirometer by tubes for the 
expired air and the inspired air. Oxygen is introduced into the spirometer from 
the oxygen tank. 1 he expired air is freed of carbon dioxide by passage through 
a can of soda lime in the apparatus. Valves cause the air to flow in one direction 
through the apparatus. As the oxygen is consumed, the bell of the spirometer 
falls, and the rate of consumption is recorded on the kymograph at the right of 
the spirometer. If the oxygen consumption (corrected for temperature and pres¬ 
sure) is known, it is possible to calculate the metabolic rate. A mean respiratory 
quotient (0,82) is assumed. In this method the carbon dioxide of digestive origin 
m the expired air is absorbed along with that of metabolic origin and is therefore 
not a complicating factor. At 8 to 12 hours after feeding the methane production 
has fallen to a low point, and the error resulting from its accumulation in the 

RufM43 tC 1930 S ) mall ‘ (Brody * Missouri Agricultural Experiment Station Research 


DIRECT CALORIMETRY 

In order to measure heat production directly, some form of calo¬ 
rimeter is necessary. Calorimeters have been devised for use with man 
and with animals of all sizes. A well-known type was the Atwater-Rosa 
calorimeter in its various modifications. This apparatus, like all calo¬ 
rimeters, measures the heat directly. The heat produced is determined 
b> the increase in the temperature of a known amount of water which 
lows in pipes through the chamber. Loss of heat from the calorimeter 
is prevented by wooden walls, dead air spaces, and an ingenious ar¬ 
rangement of thermocouples whereby any variation in the temperature 

that*! and ai ? ° UtCr WaH ° f COpper induccs an electric current 
mt activates a galvanometer. The observer then warms or cools the 

outer copper wall until the difference in temperature of the walls 

is corrected. The warming or cooling is accomplished by electric heaters 

woo^aif 8 p,accd between the OUt€r ” 
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Since much of the heat given off from tiie body is in the form of 
latent heat of water vapor, it is evidently necessary to collect the 
water vapor produced by the animal in the calorimeter so that the 
amount of heat removed in this way can be calculated. The calorimeter 
is therefore equipped with means for absorbing water vapor. The 
amount of heat required to vaporize a gram of water at the tempera¬ 
ture of the body is approximately 0.58 Cal. In closed-circuit calo¬ 
rimeters provision must be made for absorption of the carbon dioxide 
produced by the animal and the replacement of the oxygen consumed. 
With these arrangements the calorimeter becomes a respiration calo¬ 
rimeter, and by its use it is possible to compare the results of direct 
and indirect calorimetry. Experiments show that the results are in 
very close agreement (Lusk). Direct calorimetry is little used at the 
present time. 

A great deal of work has been done on calorimetry as applied to 
farm animals, and an extensive literature is available. The following 
references will be of use to those who wish to find out what has been 
done: Armsby, Brody (1945), Ritzman and Benedict (1938), Paecht- 
ner, Krogh, Kleiber. 

RESPIRATORY QUOTIENT 

A determination of the respiratory exchange involves measure¬ 
ments of the oxygen consumption and the carbon dioxide produc¬ 
tion. The ratio of the volume of carbon dioxide eliminated to the 
volume of oxygen absorbed is the respiratory quotient (R.Q.)* Thus 

R.Q. =-The respiratory quotient finds its greatest usefulness 

vol. 0 2 

in the information that it yields concerning the kind of foodstuffs being 
oxidized and in the calculations of indirect calorimetry. 

Equimolar amounts of all gases occupy the same volume at stan 
ard temperature and pressure, or, conversely, equal volumes of 
at the same temperature and pressure contain the same num 
molecules. The relation of carbohydrate and fat oxidations to 
respiratory quotient will be apparent from a consideration o 
following equations involving the oxidation of glucose and tripa mi 

(1) CcH 12 0„ + 60 2 = 6H 2 0 + 6C0 2 
Glucose 

6 vol. C0 2 


R.Q. = 


6 vol. O* 
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(2) C 51 H 08 O a + 72.50, = 51C0 2 + 49H,0 

Tripalmitin 

51 vol. C0 2 

R.Q. = -= 0.703. 

72.5 vol. 0 2 

Evidently in the oxidation of a carbohydrate such as glucose the 
over-all result is that all the oxygen goes to oxidize carbon, the volume of 
carbon dioxide excreted equals the volume of oxygen absorbed, and 
the R.Q. is 1; whereas in the oxidation of a fat such as tripalmitin the 
over-all result is that the oxygen must go in part to the oxidation of 
carbon and in part to the oxidation of hydrogen, giving an R.Q. that 
is considerably less than 1, that is, 0.703. The generally accepted R.Q. 
for a mixture of fats is 0.707. It is therefore apparent that the size of 
the respiratory quotient is dependent not upon the species of animal 
but upon the nature of the foodstuffs, or the mixture of foodstuffs, 
being oxidized by the animal. Owing to the nature of their customary 
foods, herbivores usually have a high quotient, carnivores a low quo¬ 
tient, and omnivores a quotient of intermediate value. In all animals 
that have been made to fast for any considerable period of time the 
R.Q. approaches 0.7, which indicates that the principal substance being 
oxidized is fat. This is illustrated in Table 29. 

The R.Q. is sometimes greater than 1; this usually indicates the 
transformation of carbohydrate, which is oxygen-rich, into fat, which 
is oxygen-poor. The conversion of glucose into stearic acid may be 
represented, in its simplest form, as follows: 

3C 0 H 12 O„ — C 18 H 3fl 0 2 -+■ 80 2 . 


Table 20. Effect of Fasti no on the Respiratoiiy Q 


UOTIENT 


Sheep (Ritzinan and Benedict) 

Hen (D 

Hours after foot! 

R.Q. (av.) 

Hours after food 

0-10 

0.00 

1-5 

24-34 

.70 

22-20 

48-58 

.72 

48-53 



72-78 



88-101 


R.Q. (nv.) 


0.00 

.74 

.70 

.71 

.71 


The oxygen time released is used in the oxidative proecsses and eorre- 
spondingly less oxygen is taken into the body from the air 

The over-all oxidation of protein in the animal body cannot be so 
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simply represented as that of carbohydrate or fat. It has been calcu¬ 
lated that in the oxidation of protein 0.966 liter of oxygen yields 0.774 
liter of carbon dioxide. The respiratory quotient of protein would 

0.774 

therefore be- = 0.801. (For the details of the calculations refer- 

0.966 

ence may be made to the book by Peters and Van Slyke or that by 
Lusk.) 


Table 30. Analysis of the Oxidation of Mixtures of 

Carbohydrate and Fat 


ILQ. 

Percentage of Total Heat Produced by 

Carbohydrate 

Fat 

0.70 

0 

100.0 

0.71 

1 .10 

98.9 

0.72 

4.76 

95.2 

0.73 

8.40 

91 .6 

0.74 

12.0 

88.0 

0.75 

15.6 

84.4 

0.76 

19.2 

80.8 

0.77 

22.8 

77.2 

0.78 

26.3 

73.7 

0.79 

29.9 

70.1 

0.80 

33.4 

66.6 

0.81 

36.9 

63.1 

0.82 

40.3 

59.7 

0.83 

43.8 

56.2 

0.84 

47.2 

52.8 

0.85 

50.7 

49.3 

0.86 

54.1 

45.9 

0.87 

57.5 

42.5 

0.88 

60.8 

39.2 

0.89 

64.2 

35.8 

0.90 

67.5 

32.5 

0.91 

70.8 

29.2 

0.92 

74.1 

25.9 

0.93 

77.4 

22.6 

0.94 

80.7 

19.3 

0.95 

84.0 

16.0 

0.96 

87.2 

12.8 

0.97 

90.4 

9.58 

0.98 

93.6 

6.37 

0.99 

96.8 

3.18 

1 .00 

100.0 

0 


Calories per Liter 
of O, 


4.686 
4.690 
4.702 
4.714 
4.727 
4.739 
4.751 
4.764 
4.776 
4.788 
4.801 
4.813 
4.825 
4.838 
4.850 
4.862 
4.875 
4.887 
4.899 
4.911 
4.924 
4.936 
4.448 
4.961 
4.973 
4.985 
4.998 
5.010 
5.022 
5.035 
5.047 


(D*U from Lu» k > 
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In normal metabolism energy is derived in pari from the oxidation 
of each of the three classes of energy-producing foodstuffs. In order 
to make the complete calculations of indirect calorimetry, it is neces¬ 
sary to know not only the oxygen consumption and the carbon dioxide 
production but also the amount of the urinary nitrogen. From the last 
value the amount of protein metabolized (N X 6.25) and its caloric 
equivalent (grams of urinary N X 26.51 Cal.) may be computed, as 
may also the carbon dioxide production (grams of urinary N X 4.76 
liters) and the oxygen consumption (grams of urinary N X 5.94 liters) 
attributable to protein. Then by deducting from the total oxygen con¬ 
sumption and carbon dioxide production the oxygen and carbon diox¬ 
ide attributable to protein, the nonprotein respiratory quotient can 
be found. If the nonprotein quotient, the oxygen consumption, and the 
carbon dioxide production are known, the heat production attributable 
to the nonprotein foodstuffs can be calculated by reference to tables 
giving the caloric value of oxygen or of carbon dioxide per liter at 
different respiratory quotients. To this heat production is added that 
attributable to protein metabolism. By further use of the table the 
amount of carbohydrate and fat oxidized can easily be calculated. 

In calorimetric studies the determination of the metabolism due to 
protein is often omitted, it being assumed that the metabolism is at 
the expense of only carbohydrate and fat. The error involved in this 
simplification is usually so small as to be of no consequence. The 
example given below will serve to illustrate the calculations of indirect 
calorimetry when the nitrogen metabolism is omitted. For further de¬ 
tails of the method of calculation, and various modifications, reference 
may be made to the books by Lusk, Du Bois, Peters and Van Slyke, 
and Brody and to the review by Richardson. 

In four hours a fasting hen consumed 5.58 liters of O, and produced 
3.97 liters of C0 2 . 


R.Q. 


3.97 

-= 0.71. 

5.58 


By reference to Table 30 it is seen that when the R.Q. is 0.71 a 
liter of oxygen has a caloric value of 4.69. 

Total heat production = 5.58 X 4.69 = 26.17 Cal. 

Referring again to the table, one sees that when the R.Q. is 0.71 

ie percentage of heat derived from carbohydrate is 1.10 and from fat 

ys.y. 

Calories from carbohydrate = 0.011 X 26.17 = 0.29. 

Calories from fat = 0.989 X 26.17 = 25.88. 
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0.29 

Grams of carbohydrate oxidized =-= 0.07. 

4.1 

^ 25.88 

Grams of fat oxidized =-= 2.78. 

9.3 

In herbivores, especially ruminants, the respiratory quotient is in¬ 
fluenced by carbon dioxide derived from fermentation in the alimentary 
canal (p. 247). Allowance must be made for this carbon dioxide in ex¬ 
periments involving a determination of the respiratory quotient in 
these animals when they are not in the postabsorptive state. In the 
oxygen-consumption method of measuring the metabolic rate (p. 618) 
this carbon dioxide is absorbed along with that of metabolic origin and 
is therefore not a disturbing factor in the method. 


BASAL METABOLISM 

The term basal metabolism, or basal metabolic rate, refers to the 
heat production of a resting animal in a thermally neutral environment 
and in the fasting or postabsorptive state, when the stimulating influ¬ 
ence of food will have disappeared. In man and carnivorous animals the 
postabsorptive condition is reached 12 to 18 hours after the last meal. 
In herbivores, on the other hand, it is attained much later, because 
of the great mass of ingesta in the digestive tract. In steers Benedict 
and Ritzman found that a fairly uniform metabolic rate is reached 65 
to 80 hours after food. This is in substantial agreement with Forbes, 
Fries, and Kriss, who observed that in cattle the bulk of the material in 
the alimentary canal at the beginning of a fast is eliminated in 2 to 3 
days. In the hen a uniform rate of metabolism is usually evident 
to 30 hours after the last food (Dukes). The methods used in basal me¬ 
tabolism determinations are those of animal calorimetry, either dircc 


or indirect. 

Normal Values. It is generally known that the basal metabolic ra e 
per unit of body weight of small animals is greater than the rate per 
unit of body weight of large animals (Fig. 147). The surface aica o^ 
small animals is greater in relation to the body weight than t ia o 
large animals. It has been widely believed that the higher meta 0 
rate of the small animal per unit of body weight is due to its ar S 
surface. Heat is lost at the surface; the greater the surface, the 
is the heat loss and therefore the heat production. The relations up ^ 
sometimes regarded as causal. Furthermore, it has been wide y 
lieved that the basal metabolic rate per unit of body surface is pra 
tically constant in mature animals of all species (see Lusk). 

The foregoing conceptions are usually generalized by saying 



• SMALL BIRDS 


ENERGY METABOLISM 


625 



& W 

s • - 

QJ 

> CX 

C3 K- 

9 

T3 C 

3 .-2 

X K* 

a 

S* 

•-3 -o 

o 

o> c 

> CJ 

w « 2 
co ® 

•Si E S 

sr 

CX ^ 

® w S 

. iO 

a 

s s g 

o ^z: c 
tn o 

~0 o _Q 

'c 3 
o c a, 

•C 

C3 

* E o 

^ c 3 w 
, W t£ 

O O a 

e 11 

s «> £ 

o 

~ jx o 
C 

^ g ° 

flj cj • 


~ ° 

2 o -rv 

Q rvj at 

-2 c g 

P O C3 

f iU 

i .2 g 
J3 o .5 
o a 2 

t*) C2 -O 

C3 £ O 
U ^ 

<D •*-> O 

> -C ^ 
cj tc<; 

G o ^ 

i * I 

£ 2 C3 

g 

cx 2 ^ 

•" « p-» 

•i .11 

a 5 a 

•2 J8 5 

cj « O 


I- g ^ 

O T3 ^ 
r -» O 
^ -O ^ 



<326 PHYSIOLOGY OF DOMESTIC ANIMALS 

the basal metabolic rate of mature warm-blooded animals is propor¬ 
tional to the body surface area. This is the so-called law of surface area. 
It is equivalent to saying that basal metabolic rate and surface area 
bear a linear relationship to each other. Since the surface area of geo¬ 
metrically similar objects varies as the two-thirds power of their vol¬ 
umes (and weights, if the densities are the same), it is often said that 
basal metabolism is proportional to the two-thirds power of body 
weight. 

However, it has been repeatedly pointed out by Benedict that there 
are many exceptions to the law of surface area. The deviations from 



Institution of Washington Publ. no. 603, 1938.) 

the law are so numerous and so great, according to the work of th 
investigator, as to throw doubt on the validity of the genera iz® aga | 
particularly where causal relationship between surface area an ^ 
metabolic rate is assumed. Fig. 148 shows the daily basal me a . ^ 
rates of animals of many species, and of greatly varying weig 1 
calculated per square meter of body surface area. Evidently 
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production per unit of surface area among different species is far from 
constant. 

The surface of an animal is estimated by the use of a formula 
or indirectly in the living animal as by means of a surface integrator, 
or in the dead ar.imal by removing the skin and determining its area 
after cutting it into pieces. Many formulas have been developed for 
estimating the body surface area of animals. Of these the formula of 
Meeh is one of the earliest and best known, and is as follows: 

S = k X W* 


svhere S is the surface in square meters, W the weight in kilograms, 
and k a constant for each animal. Lusk gives a table of Rubner’s 
values of k for different animals. The values range from 0.085 in the 
guinea pig to 0.123 in man. Benedict suggested that k be assigned a 
value of 0.10 for all species. In view of the uncertainty of the exact value 
of k in any species, the suggestion of Benedict is sound. 

Brody, on the basis of extensive studies of energy metabolism in 
farm animals and a critical analysis of the work of others, sees little 
practical and no theoretical reason for referring the metabolism of 
animals to their surface areas. Furthermore, there is the important 
consideration that no sufficiently accurate method is available for de¬ 
termination of surface area. Brody found, for instance, that the ex¬ 
ponent of the Meeh formula may vary from 0.32 to 0.72 in different 
animals. Other formulas may give errors of considerable magnitude 
because of the difficulties met with in direct determinations of surface 
areas, on which measurements the formulas are based. Lacking a satis¬ 
factory method of determining surface area, Brody suggests that basal 
metabolism be referred to body weight raised to some power, the value 
to be determined from actual metabolism data. For after all, it is the 
body weight, and not the body surface, which one measures. The 
equation proposed by Brody for relating basal metabolism to body 
weight, for mature animals of all species, is 

Q = 70.5Af° 734 


* n whlch Q represents Calories of heat produced per day and M the 
oody weight is kilograms. When the data used in deriving the equation 
were represented graphically, it was found that practically all the points 
*ere w.th,n * 20 per cent of the curve of the equation. For a compre! 
nsive discussion of basal metabolism in relation to body weight see 

07 °he y use b d OOk (Cha, ' tCr XIII) ' HerC "«“«• that a/eSnV o' 
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Kleiber, who lias studied and reviewed the relationship between 
body size and metabolic rate, recommends the % power of body weight. 
Under standard conditions the metabolic rate (basal) of mature ani¬ 
mals from mice to cattle averages 70 Cal. per kg y < per day. This is nearly 
the same as indicated in the foregoing formula and may be expressed 
as follows: 

Basal metabolism (Cal. per day) = 70 \V % in which W is the body 
weight in kilograms. 

In spite of the objections raised by a number of investigators, it is 
still a common practice to refer the metabolic rate of different species 
to a unit of body surface (square meter) or to a unit of body weight, 
or to each. 

Lability. It has been emphasized by Ritzman and Benedict that 
the basal metabolism of dairy cattle is subject to great variability 
Lability of basal metabolism is seen not only in different animnrs 
but in the individual animal. It is attributed, at least partially, to 
selective breeding, forced feeding, and variations in endocrine activity. 
Lability of metabolic rate, not so marked, has also been noted in the 
horse, sheep, and steer (Benedict and Ritzman) and the hen (Dukes). 


FACTORS INFLUENCING THE METABOLIC RATE 

Various factors influence the metabolic rate, among which may be 
mentioned food, muscular work, environmental temperature, and dis¬ 


ease. 


Food. It has long been known that there is an increase in hea 
production incident to and following the ingestion of food. This in 
crease is spoken of as the specific dynamic effect. The term was ong 
inally applied to the stimulating effect of protein but has been cx * en ^ 
to include the less pronounced effects of carbohydrate and fat. ^ 
process whereby the specific dynamic effect is brought about is termc 
the specific dynamic action. Not only do the individual foodstuffs exer 
a heating effect when ingested, but so does the mixed diet. The ica uv 
effect of the mixed diet may be quite different from the sum of t ie ca 
ing effects of the individual foodstuffs fed separately. It is 
to have a separate expression to designate the total heating e 
the diet. Work of digestion, thermic energy, heat increment, an ca ^ 
genic effect are terms that have been proposed from time to 
measure the heat increment or calorigcnic effect, the anima is r ^ en 
into the postabsorptive state and its heat production determine ’ . Qn 
the foodstuff or the diet in question is fed and the heat P™ eX tra 
measured until it falls to the original postabsorptive leve . 
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heat represents the specific dynamic effect or the heat increment of the 
meal. Heat increments after feeding are shown in Fig. 149. 

The heat increment of feeding is largely wasted. In cold weather, 
however, it aids in warming the body, and during work a part of the 
specific dynamic effect of glucose can be used, as is noted below. 
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U’rom Brody, Dioencrgetics and Growth, Reinhold Publishing Corporation 19-15 ) 


A large meal of meat may increase the metabolic rate of dogs as 
much as 90 per cent above the basal. The metabolic rate of dogs may 
he raised as much as 20 to 37 per cent above the basal by carbohydrate 
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ingestion and as much as 30 per cent by fat ingestion. The maximum 
heating effect of fat is seen at the sixth hour after ingestion (Lusk). In 
steers the metabolic rate may be increased nearly 50 per cent above 
the fasting level by the ingestion of 7 kg. of timothy hay and nearly 
60 per cent by the ingestion of 7 kg. of alfalfa hay (Benedict and Ritz- 
man). These are surprisingly high results, especially as regards timothy 
hay, which is a protein-poor food. It is probable that the metabolic 
stimulus is due in part to lower fatty acids formed during the bacterial 
digestion of these foods rich in crude fiber. 

The cause of the calorigenic effect of the food is not fully known. 
The extra peristalsis, secretion, and excretion necessitated by the in¬ 
gestion and metabolism of the food are doubtless factors. Deamination 
is believed to be an important contributing cause in the specific dy¬ 
namic action of protein. It appears that the type of deamination ac¬ 
counts in part for the variability of the specific dynamic action of 
amino acids: oxidative deamination is accompanied by a large heat 
increment, transamination by a small heat increment (Sadhu and 

7 

Brody). 

Other metabolic changes undergone by amino acids prior to their 
entry into the tricarboxylic acid cycle may account for part, of the 
specific dynamic action. Carbohydrates and fats may increase heat 
production in accordance with the law of mass action; an increase m 
their concentrations in the internal environment would increase their 
utilization. A thermodynamic interpretation is favored by some vor' 
crs (Brody, 1945). There is evidence that acid substances may have 

a stimulating effect on the cells. . 

Many reviews on the specific dynamic action are available (Los', 
Brody and Proctor; Wilhelmj; Mitchell and Hamilton, 1929, « n( 

others). . 

Work. Muscular activity increases the rate of metabolism. 
mechanical work is performed, all the increase of energy exc 
appears as heat, whereas if mechanical work is done onh a P fl 
the increase assumes the form of heat. The standing anima 
more energy than the lying, for increased muscular effort is re *j l, g^ or jy 
standing. However, no mechanical work is done. Hall an 
studied the energy increment of standing over lying in entt c am 
and found that the average was about 9 per cent. A vcr> ! ^ on 
showed an increment of 13 per cent. In the horse, however, e si n0 
is different, the metabolic rate in this animal while stanr mg 
greater than it is while lying (Brody, 1945). The anatomica ^ 
ment of muscles, joints, tendons, and ligaments in the im 
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horse are such that the limbs can be fixed in standing without extra 
heat production. 

The efficiency of a machine, animate or inanimate, is the percentage 

of the total energy expended that can be converted into mechanical 
work. 


Efficiency = Work cner gy performed (Cal.) 

Energy expended (Cal.) 


X 100. 


The energy not realizable as mechanical work disappears as heat. 
1 he maximum efficiency of muscular work is of the order of 25 per 
cent. This applies to horses, both large and small, and to man. It 
appears therefore that efficiency is independent of animal size (Brody 
and Cunningham). The efficiency of several engines is approximately 
as follows: steam engines without condensers, 7.5 per cent; steam en¬ 
gines with condensers, 9 to 19 per cent; gas engines, 14 to 18 per cent; 

iese engines, 29 to 35 per cent; electric accumulator, 70 to 74 per 
cent (Brody and Cunningham). 

It has been shown that the heat production due to the specific 
ynamic action of protein cannot replace the heat production due to 
mechanical work; there is a summation of the two heat increments. On 
the other hand, a part of the specific dynamic effect of glucose can be 

used for work (Lusk). 

Environmental Temperature. An environmental temperature above 
or below certain points raises the heat production of the body There 
is an environmental temperature at or below which the rate of metabo- 

tnre “mk" a " ,mal mUSt be incrcased to Prevent a fall of body tempera- 
animaT as . e , DV,ro ." me , ntal ^-"perature, known in the resting, fasting 
sTdemble int temperature, shows great interspeeies and eon- 

below the er^eaT'k T 7;" the envir °"™n‘ a l temperature falls 
tho i I ltlcal . heat production by the organism must increase if 

emneraLr mPCratU . rC . * *°, rCmain constant - If thc environmental 
tioTenn? , ab ° Ve the critical - heat loss by radiation, convec- 

•emperature of"tl ^h d Vap ° rizat ‘ on of water is ^reused so that the 
omperature of the body and thc rate of metabolism are not materials 

creased. However, if the environmental temperature is further raised 

there comes a tune when the regulation against overheating is no onaer 

aWeto prevent a rise of body temperature. The warming o the ac"fve 

protoplasm by the rise of body temperature causes an increase in 

metabolic rate in accordance with the van’t Hoff law (p 6i3t n, t 

the critical temperature and the temperature at which metabolismt 
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increased because of warming of the protoplasm, 1 there is a zone of 
thermal neutrality. In this zone environmental temperature is without 
much effect on metabolic rate. In small animals the zone of thermal 
neutrality is narrower and at a higher temperature level than in larger 
animals. 

In the hen Mitchell and Haines obtained an average critical tem¬ 
perature of approximately 16.5°C. They cite results obtained by other 
investigators as follows: pig, 21°C.; steer with closely sheared hair, 



Fia. 150.—Effect of environmental temperature on the metabolic rate (ca ^ 
dioxide production) of fasting hens. The zone of thermal neutrality app 
lie between approximately 16°C. and 26°C. Below 16 C. the me * 26 ®C. 

tends to rise because of the cold. This is the critical temperature. 0 f a 

there is a tendency for the metabolic rate to rise again, dou t css >c 

rise of body temperature (see also p. 653). The duration o e earbon 

experiments was long enough to ensure a stable respiratory quo >en . 
dioxide production is therefore a satisfactory index of meta o ic ra 


greater than 18.3°C.; steer with a full coat of hair, less ® * bc _ 

dog before clipping, between 13.6 and 15.1°C.; dog a r c >P ' g ^_ 
tween 23.8 and 26.6°C. The zone of thermal neutrality in g 
ing) extends from about 20°C. to 28°C. (Ritzman an e n ^^gnts 

(unpublished) obtained by the author in a large nurn cr 0 ... ex tends 

on fasting hens indicate that the zone of therma neu r men tal 

from about 16°C. to about 26°C. In general, below an e p^mar*- 

* Traditionally, tho lowor limit of the zone of thermal neutrality I" 1 >e nze there w0 “^ 
Some writer*, however, apply tho term to th© upper liniit aa we ^ t aj 16 metabolic rate, • 
be two critical temperatures—a lower, at which cold begins o a e 
an upper, at which heat begin© to be effective. 
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temperature of 16°C. and above one of 26°C. the metabolic rate was 
increased (Fig. 150). The effect of environmental temperature on the 
heat production of cows is shown in Fig. 151. The animals were non¬ 
fasting and five of them were lactating. A further discussion of the 
critical temperature is given in Chapter XXVI. 

Disease. As regards man, Boothby and Sandiford state that “ex¬ 
cept in thyroid disorders and in leukemia there is very little varia¬ 
tion from normal of the basal metabolic level.” In conditions associated 
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CHAMBER TEMPERATURE.°F. 

Fia. 161—Effect of environmental temperature on the heat production of Jersey 
and Holstein cows. The three Jersey cows and two of the Holsteins were lactating 

IbovcMinT 68 bCl ° W 5 °7' 'v?™ impOSC(i in the decreasing order; those 
tJ 1 increasing order. I he increased heat production that accompanied 

decreasing environmental temperatures was associated with decreased milk 

yield and some increase in food consumption. There was little visible shivering 

70- to M-F T doul)t ' tss i-croased. The decreased heat production abo'o' 
milk nmi »• as “ s f oclatetl wllh decreased food consumption and decreased 
temn P uct,on * Although the rectal temperature increased at environmental 



034 


PHYSIOLOGY OF DOMESTIC ANIMALS 


with hyperthyroidism there is a definite tendency for the basal metabo¬ 
lism to be elevated, while in conditions associated with hypothyroidism 
the opposite tendency prevails. In leukemia the basal metabolism is 
increased. 

The effect of disease on the basal metabolic rate of animals has 
been little studied. Olson and Dukes studied the basal metabolic rate 
of chickens affected with fowl paralysis, transmissible fowl leukosis, 
and certain spontaneous neoplasms. The basal metabolic rate of birds 
affected with fowl paralysis was normal. Chickens affected with trans¬ 
missible fowl leukosis had only a moderately elevated basal metabo¬ 
lism. Two cases of lymphocytoma were associated with a great increase 
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of the basal metabolic rate. A case of myelocytoma and one of atypical 
lymphocytoma showed a considerable elevation of the basal metabolic 
rate. In fever the basal metabolic rate is increased in accordance with 
the van’t Hoff law (p. 653). 

RELATION BETWEEN INSENSIBLE LOSS AND 

METABOLIC RATE 

The insensible loss in body weight of an animal is the weight of 
the gaseous outgo (C0 2 , H 2 0, and, in herbivorous animals, CHJ 
minus the weight of the gaseous income (0 2 ). It has been shown in a 
number of species (man—Benedict and Root; cow—Kriss; Mitchell 
and Hamilton, 1936; Ritzman and Benedict; hen—Dukes; and others) 
that there is a positive correlation between the insensible loss and the 
metabolic rate. Most of the measurements have been made with the 
subjects under basal conditions. When the respiratory quotient is 0.723, 
the insensible loss is represented entirely by the water vaporized from 
the body, for then the weight of carbon dioxide eliminated is equal to 
the weight of oxygen consumed. It has been suggested that the insensi¬ 
ble loss be used as a means of estimating basal metabolism. 

The relation between insensible loss of body weight and metabolic 
rate of cows on feed is shown in Fig. 152. 

The effect of ambient temperatures of 0 to 105°F. on the insensible 
loss and the insensible water loss of dairy cows has been studied by 
Thompson, McCroskey, and Brody. The insensible loss varies directly 

nor L WClght ' Xt HseS fFOm 48 gm - per square meter P er hour at 
0°F. to 240 gm. at 100°F. 
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TEMPERATURE REGULATION 


POIKILOTHERMISM AND HOMEOTHERMISM 

V ERTEBRATE animals may be divided into two great classes as 
regards the relation of the temperature of the body to that of the 
environment: poikilotherms, or “cold-blooded” animals, are those 
whose temperature varies directly with that of the environment, and 
homeotherms, or “warm-blooded” animals, are those whose tempera¬ 
ture is largely independent of that of the environment. Mammals and 
birds are homcothermal, whereas other animals are poikilothcrmal. 
Some mammals are homcothermal only under conditions of favorable 
environmental temperature, becoming poikilothcrmal when the sur¬ 
rounding temperature is cold. Such animals hibernate when the> arc 

no longer able to compete with the cold. 

Poikilothcrmal animals maintain a temperature not far from t in 
of the environment. When the temperature of the surroundings a s, 
that of their bodies also falls; when the temperature of the surroun mg- 
rises, that of their bodies rises. The activities of such an anima , 
example, a frog, are therefore markedly conditioned by the environ 
mental temperature. In cold weather the animal passes into a <eej 
sleep, whereas in hot weather it may burrow into the mud to keep c ° 
Mammals and birds, homcothermal animals, have, on the con ra 
an elaborately developed heat-regulating device which enables lC ” . 
maintain, under any ordinary conditions, a relatively cons an ^ 
temperature regardless of the temperature of the surrounc ing- • ^ 
animals are, from this point of view, not mere creatures o 
vironment but are able to carry on their usual activities unc ^ ^ lC 
range of external temperature. From the standpoint of p^, U rn j vorcs 
warm-blooded condition is the more recently developer. j vore s. 

better regulation against overheating than do m ° s 1 fl nim»l s 
me reason for this probably lies in the fact that the a c thcre- 
(cxcept horses) do not have as mobile a water reserve am vft r j zfl - 
fore more dependent on radiation and conduction than on 
tion of water for heat loss. 

636 


possess 
The reason 
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The question has frequently arisen as to whether homeotherms and 
poikilotherms differ only as to their body temperatures or whether 
there are also intrinsic differences in their tissues. Adolph studied this 
question in warm-blooded and cold-blooded vertebrates, relating heart 
rate, respiration frequency, and oxygen consumption to body tempera¬ 
tures. According to Adolph, “the pattern of horaeothermy may be said 
to extend to many or all parts of the physiological organization, and 
is not limited to a region of the central nervous system." 

SEAT OF HEAT PRODUCTION 

Heat is produced by oxidations in the active protoplasm of the 
body. Muscle and gland, making up the greater part of the active 
tissues, are therefore the principal seats of heat production, and since 
skeletal muscle occupies the larger place in this mass of protoplasm 
one would expect to find this structure of great importance as a place 
of heat production. Experiments show, in fact, that during muscular 
work more than 80 per cent of the heat of the body is produced in 
skeletal muscle. During rest the figure is much lower. The liver because 
of its active metabolism and large size, is next in importance in heat 


BODY TEMPERATURE 

In the past too much emphasis lias been placed on the constancy 

n a Id ‘ C n T ratUrC m, l hC b ,° dy “ S ° Wh0le ' T °° little stress has been 
p aced on the variability of temperature (Bazett). For example, in a 

single circulation blood supplying the skin may have a temperature 

varying through as many at 20°C., and limb muscles may show varia¬ 
tions of 10° or more between rest and exercise. 

Normal Rectal Temperature. The body temperature of animals 
is usually determined by insertion of a thermometer into the rectum The 

bov r Pe rr I" “ indCX ° f the temperature of The 

nlr iL it r g ?, PCratUre is not the same in al1 P^ets of the body 
moon , al ""* ys tbe samc m a given place. The temperature of the 

than that of V theTectum ‘ ° f ^ °' “ ,e b ° dy may be lower, 

.. ’ r . abIl ‘„ 31 , ehows the normal rectal temperatures of animals Atten 

ti ; *«f rtssr ■* ,i " 
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in the rectum and vagina of cattle has been studied by Kriss, who 
showed that the temperature when measured at a depth of 6 or 7 
inches is decidedly higher than when measured at a depth of 4 or 5 
inches. In one cow' the following temperatures in the rectum were 
recorded within a few minutes of one another: at a depth of 4 inches, 
100.5°F.; 5 inches, 101.2°; 6 inches, 101.4°; 7 inches, 101.6°. In the 


Table 31. Rectal Temperatures 


Animal 



Temperature 


Author 

Average 

Range 


° F. 

° C. 

° F. 

° C. 


Stallion. 

99.7 

37.6 

99.0-100.6 

37.2-38.1 

Fontaine 

Marc. 

100.0 

37.8 

99.1-100.8 

37.3-38.2 

Fontaine 

Beef cow. 

101 .0 

38.3 

98.0-102.4 

36.7-39.1 

Hewitt (1920-21) 

I )airy cow.... 

101.5 

38.6 

100.4-102.8 

38.0-39.3 

Woolridge (cited 
by Hewitt) 

Sheep. 

102.3 

39.1 

100.9-103.8 

38.3-39.9 

Clawson 

Goat. 

103.8 

39.9 

101.7-105.3 

38.7-40.7 

Dainant 

Pig. 

102.5 

39.2 

101.6-103.6 

38.7-39.8 

Palmer 

Dog. 

102.0 

38.9 

100.2-103.8 

37.9-39.9 

Friedman ana 
Bennett 

C Tit.. . . . . 

101.5 

38.6 

100.5-102.5 

38.1-39.2 

Hobday 

Frothingham and 
Minot 

Ilabbit. 

103.1 

39.5 

101.5-104.2 

38.6-40.1 

Chicken 

(daylight) 

107.1 

41 .7 

105.0-109.4 

40.6-43.0 

Fronda 


rectum of the pig there is a marked temperature gradient, the 
maximum temperature being beyond the reach of the ordinar> 

thermometer (Pullar). , are 

Temperature gradients in the blood and tissues of e 

shown in Fig. 153. . nor - 

Diurnal Variations. Many conditions are capable o caUS ^ one d 

mal variations in body temperature, among which may e m 
age, sex, season, time of day, environmental temperature,' ex< j™ 0 f 
ing, digestion, and drinking of water. Variations relate ° ^ sUC h 

day are designated as diurnal variations. The extent an * 
temperature changes vary somewhat in different species. . . murn j n 
maximum temperature occurs in the early evening ant ie ^ prac- 
the early morning. In cows Kriss found the tempera ur 2:30 

tically constant in the morning and in the afternoon un Gaalaa® 
p.m., from which time until about 5 P-M. it gradua y 
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(1945) reports that the body temperature of the cow is regularly 
higher in the afternoon than in the morning irrespective of season or 
month. The average body temperature of Jersey cows is 101.1 it 0.5°F. 

(air temperature, 50 to 60°F.: relative humidity, high). 



Fio. 153.—-Temperature gradients in the blood and tissues of the dog 
(anesthetized). (The ambient temperature was 72°F.) The tempera¬ 
ture measurements were made with thermocouples and a potenti¬ 
ometer. Note the rise in temperatures as the blood moved away from 
the periphery to the core of the body. Rectal, hepatic blood, and 
coronary-sinus blood temperatures were the same. (From Horvath 
Kubin, and Foltz, American Journal of Physiology, 1950, 161.) 


in Fie Tm t? th * body temperature of the hen are shown 

, f; 154 ' U “ 6cen that ‘he temperature fluctuations are large and 
at they arc related, to some extent at least, to the air temperature 
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When the latter temperature is kept uniform (70°F.), the diurnal 
fluctuations of the body temperature are much smaller (Wilson). 

REGULATION AGAINST OVERHEATING 
Heat is being produced constantly in the body as a result of physio¬ 
logical oxidations. There must therefore be some provision for ensuring 
a constant loss of heat; otherwise the temperature of the body would 





Fio. 164.—Diurnal variations in the body temperature of hens an 
air temperature over a 48-hour period. The body tempera ur 
averages for a number of hens. Note that the hottest par 
day and the highest body temperature coincided, but no °p oU ltry 

part and the lowest body temperature. (From Heywang, 

Science, 1938, 17.) 

... TTeftt 

soon rise to such a height that life would no longer be P®? 81 fl< jj a ticfH» 
is regularly lost from the body in the following ways. ^ jdn 

conduction, and convection; (2) vaporization of water flj*t 

and respiratory passages; (3) excretion of feces and uri 
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two ways are much more important in heat dissipation than the last 
way, and their effectiveness is largely dependent upon an adequate 
water reserve in the body. They constitute the physical mechanism of 
heat loss (Barbour). 

Radiation, Conduction, and Convection. Radiation is the transfer 
of energy across space without heating the space through which it 
passes. In the case of heat energy the transfer is effected by waves in 
the infrared part of the electromagnetic spectrum. Upon striking a 
body the radiation may be absorbed, with a resulting rise in tempera¬ 
ture of the body. Conduction is the passage of heat energy from particle 
to particle of matter by increased molecular agitation. Convection is 
the transfer of heat energy by a circulation of heated material (gas, 
liquid), which is less dense than the cooler material. 

Under ordinary conditions about 75 per cent of the heat lost from 
the body is dissipated by radiation, conduction, and convection. Modern 
studies on man indicate that about 60 per cent of the heat is lost by 
radiation. The wavelengths of the infrared radiations from the human 
skin vary from about 5 to 20 microns (Du Bois, 1937). Similar values 
would apply to animals since their temperatures are similar to man’s 
temperature. The efficiency of radiation, conduction, and convection in 
heat loss is to a considerable extent conditioned by the external tem¬ 
perature. When this temperature becomes equal to that of the body, 
radiation, conduction, and convection cannot operate; when it rises 
above that of the body, they tend to warm the body instead of cool it. 
In the latter circumstances other means, mainly the vaporization of 
water, tend to prevent a rise of body temperature. In addition to radia¬ 
tion, conduction, and convection from the skin surface, conduction 
from the respiratory passages by the warming of inspired air must also 
be considered. This accounts for only a small amount (in the dog less 

than 3 per cent) of the heat lost by the general method of radiation, 
conduction, and convection. 

The amount of heat lost by radiation, conduction, and convection is 
to a large extent controlled by the organism through the vasomotor 
mechanisms (Chapter VII). Vasodilatation in the skin causes a greater 
amount of warm blood to flow through this region, and if the external 
temperature is below that of the blood, heat loss is increased. Vaso¬ 
constriction, on the contrary, causes a decrease of heat loss through 
the skin. The vasomotor nerves are caused to function either bv the 
reflex actmn of heat or cold on the skin or by the action of blood of 
shghtly altered temperature on the central heat-regulating mechanism. 
Warmth, acting reflexly or by raising the temperature of the blood 
causes the vasodilator mechanism to operate; whereas cold, acting 
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reflexly or by lowering the temperature of the blood, causes the vaso¬ 
constrictor mechanism to function. Increased metabolism would exert 
its effect by warming the blood. 

External temperature affects not only the distribution of blood but 
the concentration as well. Warmth tends to cause blood dilution, which 
favors heat loss. Cold tends to cause concentration of the blood. This 
favors heat conservation. 


The heat loss by radiation, conduction, and convection is in some 
animals under a further control through the pilomotor nerves and 
muscles , which regulate the degree of erection of the hairs, and the 
similar mechanisms that regulate the movements of the feathers in 
birds. Erection of hairs or ruffling of feathers, when the pilomotor 
muscles contract, entraps a thicker layer of still, moist air around the 
body and helps to conserve heat. On the contrary, when the hairs and 
feathers are less erect, heat loss is facilitated. 

In animals that develop heat polypnea (rapid, shallow breathing 
caused by high external temperature), conduction from the lungs is 
increased somewhat during this condition. This control is vested in the 


respiratory neuroynuscular jnechanisms (Chapter X). 

Vaporization of Water from the Skin and Lungs. Vaporization of 
water is an efficient way of cooling the body, the amount of heat lost 
from the body by the vaporization of one gram of water being approxi¬ 
mately 0.58 Cal. Generally speaking, at ordinary temperature about 


25 per cent of the heat produced in resting mammals is lost by vapor¬ 
ization of water from the skin and respiratory passages. In the chicken 
the loss in this way is less: 12 to 25 per cent, with an average of about 
17 per cent (Fig. 155). The water so eliminated is an insensible loss, 
and it appears to be about as important in heat regulation in anima s 
whose sweat mechanism is poorly developed (cow) or absent ^ ra))1 
as in animals with a well-developed sweat apparatus (man, horse), 
higher temperatures, however, the loss of heat by vaporization of wa er 
from the skin is much more efficient in animals with a well-dcve ope 
system of sweat glands. Canines, more than other animals, ha\c 
veloped the ability to vaporize a large amount of water from ^ 
respiratory passages. When the external temperature is high, 
animals show heat polypnea, which causes the vaporization o mU 
water but which ordinarily causes little change in the gaseous 
sition of the blood. At times, however, there may be a marker re 
tion in the carbon dioxide content of the arterial blood. 

In man, at ordinary temperatures, about 60 per cent 0 c 
heat loss by vaporization is accounted for by vaporization ro 


skin. 
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The insensible water loss, cutaneous and pulmonary, under basal 
conditions is rather constant. If the skin temperature is increased, 
however, either by external heat or by an increased flow of blood 
through the skin, there will be an increase in the cutaneous insensible 
water loss, probably by diffusion through the outer layers of epidermis 
(p. 511). In animals that develop heat polypnea the pulmonary water 
loss increases with the environmental temperature and is under the 
control of the respiratoiy nervous apparatus. The loss of water through 

the sweat glands is under the control of the sweat nervous mechanism 
(Chapter XXI). 

Leitch and Thomson have brought together a large amount of data 
on the heat loss by vaporization in cattle at different environmental 



Heat Lost by Vaporization of Water (%) 

Fio. 155.—The percentage of heat lost by vaporization of water. 

Hens under basal conditions. (From Dukes, Journal of Nutri¬ 
tion, 1937, 14.) 

temperatures and at various planes of nutrition. Newbergh and John¬ 
ston have assembled data on the percentage of heat lost by vaporiza¬ 
tion in a number of species. 

Excretion of Feces and Urine. The excreta leave the organism at 

° . y temperature. They therefore occasion the loss of a small, usually 
negligible, amount of heat. y 


REGULATION AGAINST COOLING 

taken^bv M C environ , n ' cn ‘ al 1 temperature falls, some means must be 
ken by the warm-blooded animal to prevent a drop in its bodv 

aTeduTtion"' Jh' agttinst C0 ° Hng is bought “bout first by 

n of heat loss (the so-called physical regulation) and later 
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by an increase of heat production (the so-called chemical regulation). 

Reduction of Heat Loss. When the environmental temperature 
falls, the first compensation against a cooling of the body is effected 
through a reduction of heat loss. External cold causes vasoconstriction 
in the skin, and the resulting decrease in blood flow diminishes the loss 
of heat by radiation, conduction, and convection. The secretion of 
sweat, if in progress, is decreased. Erection of hairs or feathers occurs. 
If the temperature of the environment continues to fall, there comes 
a time when the heat-conserving mechanisms are no longer able to 
prevent cooling, and heat production must be increased. 

The external temperature at which the heat-retaining mechanisms 
are no longer able to maintain a constant body temperature and at 
which heat production has to be increased is known as the critical 
temperature. This varies a good deal in different animals (Chapter 
XXV). A well-developed heat-retaining ability betokens a low critical 
temperature. Man lowers his critical temperature, that is, increases 
heat retention, by covering his skin with clothes. Hair, fur, feathers, 
and thick layers of subcutaneous fat act similarly in animals. Among 
farm animals cattle and sheep have the lowest critical temperature and 
are therefore best able to withstand the cold. The critical temperature 
being lower in nonfasting than in fasting animals, the former are better 

able to withstand a low environmental temperature. 

Increase of Heat Production. When the heat-retaining mccha 
nisms have exerted themselves maximally in an effort to prevent a fa 
of body temperature, an increase in heat production begins if the sur 
rounding temperature continues to fall. Since so much of the heat o 
the body is produced in the skeletal muscles, one would expect to n 
these structures of first importance in the increased metabolic rate t in 
accompanies the fall in environmental temperature. The principal way 
in which the increased metabolism is brought about is by shivering, 
rapid muscular contractions, which result in increased heat prof uc 
The question whether increased heat production can be calle ^ 
without shivering is one about which considerable controversy 
existed. Experiments of Cannon and co-workers tended to s 
exposure to cold increases the output of adrenaline and that ^ 
stance is capable of causing an increase in the metabolic ra c . wa y 
absence of shivering. However, the more recent work of crnl U p 0 n 
and Hathaway on dogs shows that the increase of metabo ic rn . vcr j n g 
exposure to cold without acclimatization is caused largely y ® c0 uld 
The nonshivering component of the increase was so sma j 1 . con di- 
have had little nffect in combating exposure to cold un er 
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tions prevailing in the experiment. It is recognized that exposure to 

cold causes an increased output of the hormone thyroxine, but it takes 

some time for its effect to come on. It is probable, also, that the adrenal 

cortex plays a part in this slow upward adjustment of the metabolic 

rate upon prolonged exposure to cold. It appears, however, that the 

quick, emergency increase in heat production is accomplished mainly 
by shivering. 

Insofar as the increased heat production upon exposure to cold is 
brought about by shivering, it is under the control of the central nerv¬ 
ous system through the motor nerves to the skeletal muscles. The nerve 
centers concerned are stimulated reflexly by the action of cold on recep¬ 
tors in the skin and directly bv the action of blood of slightly lowered 
temperature reaching the centers. The endocrine component of the 
increase, when it occurs, is actuated by the anterior pituitary which 

controls the endocrine glands concerned, namely, the thyroid and 
adrenals. 

Hemingway made observations on the onset of shivering in normal 
am anesthetized dogs in a cool environment (temperature, 22°C.- rela- 

ll T! dity ’ 50 per cent) - In the normal dog shivering bcgan’when 
the rectal temperature had fallen about 1°C. This required less than 

n iour. In dogs anesthetized with pentobarbital a fall in rectal 

mperature of about 3.5°C. took place before shivering occurred This 

?X‘n d nearl f. thrc ° hoUrS - The vasomo t°r responses to cold were also 
dulled by anesthesia. 


Ether anesthesia (in the dog) depresses the tcmperature-regulatine 
mechanism. Shivering and peripheral vasoconstriction are not abolished 
nut they arc not regulated finely enough for maintenance of rectal 

” r :t Wit ", in tW ° t0 thrce hours *«« n‘her inhalation "dl 

ont nued. thermal regulation is adequate to maintain body tempera¬ 
ture in a cold environment (Hemingway). P 


SUMMARY OF THE NERVOUS REGULATION OF 

BODY TEMPERATURE 

trolT!r f n reeUlati0n against a rise ° f body temperature is under the con- 
ol of the nervous system through (1) the vasomotor center and nerves 

an!, M r' a , CCnt f and nerVCS ’ ,3) tbe res Piratory center and nen'es,’ 
) the pilomotor nervous meehanism ’ 

redu T cUon e ^ I r ti0 r n , “ 8 T St “ faU ° f body ‘omperature at first causes a 
.. °t l |e at loss by vasoconstriction in the skin a decrease in it. 

activity of the sweat glands, and erection of hairs or feathers Tl * 

changes are under nervous control. When they are ” 
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in preventing a fall of body temperature, an increase of heat produc¬ 
tion begins. This is under control through the motor nerves to the 
skeletal muscles. 

CENTRAL CONTROL OF TEMPERATURE REGULATION 

Temperature regulation is developed only in those animals with a 
highly organized nervous system. A heat “center” with a thermostatlike 
action exists in the hypothalamus. Nuclei in the posterior part of the 
hypothalamus are concerned with heat conservation and production, 
whereas nuclei in the anterior part are concerned with heat loss. 

Evidence from a number of sources shows that the central mecha¬ 
nism is actuated in two ways. The first way is through the temperature 
of the blood bathing the centers. It is well established that there are 
temperature-sensitive regions in the hypothalamus. When the blood is 
cooled, the heat-conserving area is stimulated and body heat is con 
served or more heat is produced; when the blood is warmed, the heat 
loss area is stimulated and more heat is dissipated from the body. e 
second way in which the centers are activated is through reflexes froin 
the skin; cold stimulates the heat-conserving area, heat stimulates tie 
heat-loss area. There appears to be a reciprocal relation between ie 
areas; when one is active the other tends to be inhibited. It is cvi en 
that the work of the heat center must, in the end, be carried out t iroug^ 
the various nervous mechanisms previously described as being concern^ 
in heat regulation: the vasomotor, sweat nervous, respiratory ner\ 
pilomotor, and skeletal-motor mechanisms. 

REACTIONS OF ANIMALS TO DIFFERENT ENVIRONMENTAL 

TEMPERATURES 

A good deal of recent work on this subject involving the ^ 
species has been done. The experiments of Lee and co " or ^ e re _ 
Brisbane (see also Robinson and Lee and Riek and Lee) on 
actions of animals to hot atmospheres are comprehensive ftn< . era . 

a number of species. The effects of different environmen a ^ flre 

tures on the rectal temperatures of the sheep, pig> dog, an . g « ong 

shown in Fig. 156. A number of the observations made and co ^ 
drawn are of general interest but only a few can be ®* lvCI \^ e( j 
further details the original communications should e cons ^ ^ a j r 

The rectal temperature of the sheep rises above norma tempera* 
temperature of 90°F. Open-mouth panting begins at a re( . r point, 
ture of 106°F. A rectal temperature of 107°F. is near t * e 1 s heep i s 
Unless the relative humidity is high (above 65 P cr ’ jjo°F. The 
able to withstand for hours an air temperature as ng 
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sheep appears to tolerate high environmental temperatures better than 
the other animals studied. This may be because of the protection 
against external heat which the wool affords. The sheep does not use 
the panting mechanism for cooling as efficiently as the dog does. The 
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Queensland, 194l' 53.) n " d co '" ork<:re ' Proceed,n m o/ ,l, c Royal Society of 

sssr* -1 *<«.»'. s 

The rectal temperature of the cow exceeds 107°F. only with the 
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hottest atmosphere. Respiratory frequency is markedly increased, 
reaching at the higher combinations of temperature and humidity 160 
respirations per minute. Pulse rate is little affected by a rise in air 
temperature, but it increases somewhat with humidity. Sweat gland 
activity is increased, but this function is less efficient than in man. With 
rectal temperatures of about 106°F. and at high air temperature and 
humidity, distress is evident. Panting often occurs at air temperatures 
of 105°F. and above (rectal temperature above 104°F.). At air tem¬ 
peratures above 100°F., rumination occurs only occasionally. At the 
lower temperatures water is drunk, but it seldom is consumed at the 
higher temperatures. The heat tolerance of calves is lower than that of 


cows. 

The rectal temperature of the pig begins to rise above normal at 
an environmental temperature of 85 to 90°F. If the relative humidity 
is 65 per cent or above, the pig cannot tolerate prolonged exposure 
(7 hours) to an environmental temperature of 95°F. At an environ¬ 
mental temperature of 105°F. the pig is unable to stand an atmosphere 
of any humidity. (In these experiments the pigs had no opportunity to 
seek out wet places.) A rectal temperature of 107°F. is near the danger 
point for the pig. If collapse occurs, hosing the animal with water is 
an effective method of resuscitation. 

The rectal temperature of the clog tends to rise above normal at a 
room temperature of 80 to 85°F. If the relative humidity is low, the 
effect of a hot environment is less severe. As the environmental tern 
perature rises, the rate of breathing also rises but the depth of breath 
ing (tidal volume) is markedly reduced. This helps to protect tie 
carbon dioxide content of the blood against reduction. At a rectal tern 
perature of 105°F. the dog is in danger of a breakdown in its therm® 
equilibrium. At a rectal temperature of 109°F. severe nervous symp^ 
toms develop, with danger of immediate collapse. Sousing the anima 


with water leads to recovery. 

The rectal temperature of the cat begins to be elevated at an ® 
temperature of 90°F. At a relative humidity above 65 per cent, t■ i® 1 ^ 
is unable to withstand prolonged exposure to an environment® 
perature of 105°F. Respiration frequency tends to increase ° r ^.^j 
rectal temperature rises. As the rate of breathing increases, t c ^ ^ 
volume is only slightly reduced. Thus is would seem that t ic c 
less able than the dog to protect its blood carbon dioix e co ^ 
against lowering, but other factors may enter into the picture ^ 
cat. For instance, the cat augments heat loss in a hot environm on 
spreading saliva on its coat and therefore is not so e P e ” ^y 
vaporization from the respiratory passages. In this connec io 
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be recalled that stimulation of the sympathetic nerves to the sub¬ 
maxillary gland of the cat leads to a copious flow of watery saliva, 

whereas in the dog similar stimulation leads to a scanty secretion of 
thick saliva (p. 308). 

At air temperatures above 80 F. the hen begins to show disturb¬ 
ances of body temperature and respiration. Prolonged exposure of a 
hen to an air temperature of 100°F. is unsafe unless the relative 
humidity is below 75 per cent. A rectal temperature of 113°F. for the 
hen is the upper limit of safety. The Leghorn hen is superior to the 
Australorp in heat regulation at high temperatures. 

Temperature regulation in birds has been studied by Randall and 
Hiestand and by Randall. The relationship between body temperature 
and genetic resistance to infection in chicks has been investigated by 
Scholes and Hutt. The variability of the body temperature of the 
chick has been studied by Lamoreux and Hutt. There is a posthatch¬ 
ing rise of several degrees in the temperature of the chick. This occurs 

during the first week, more especially during the first four days, after 
hatching. 

The tolerance of mature chickens to hypothermia has been deter¬ 
mined by Sturkie. The lethal body temperature for hens is approxi¬ 
mately 23 to 24°F. and for cocks approximately 19 to 22°F. The cause 
of hypothermic death is failure of the respiratory center. 

The reactions of the dairy cow to increasing environmental tem¬ 
peratures have been studied by Regan and Richardson, and the effect 
of low temperatures on production and feed consumption of the cow 
have been investigated by Dice. 

The work of Rhoad in Louisiana in determining genetic differences 
in the adaptability of cattle to tropical or subtropical environments 
should be noted. A simple test of heat tolerance has been devised. It 
is based upon the efficiency with which the animal disposes of heat, that 
is, prevents a febrile rise of body temperature, under standard condi¬ 
tions of exposure to a high air temperature. The body temperature 
taken at the end of the exposure period is the factor used in evaluating 
efficiency of heat disposal. Purebred and halfbred Brahman, or Zebu, 
cattle have been found to be more efficient in the regulation of bodv 
temperature under tropical and substropical conditions than the Euro¬ 
pean breeds. The heat tolerances of various breeds and crossbred types 
have been determined. The effect of atmospheric temperature on bodv 
temperature and respiration rate of Jersey cattle has been studied 
in Louisiana by Gaalaas (1945). A definite relationship between the 
temperature of the air and the body temperature of the cows as well 
as the breathing rate, was noted. At an average air temperature of 
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Fic. 157.—Rise in rectal temperature (upper curves) and respiration frequency 
(lower curves) with increases in ambient temperature. The broken curves are 
for Holstein cows; the continuous curves for Jersey cows. Ambient temperature 
was controlled in “climatic chambers.” A somewhat steeper rise of rct ’**[ ! cn J s 
perature and a higher temperature are shown by the Holstein cows. us 
probably explained by the smaller surface area per unit weight of the ar K c 
Holstein. A somewhat steeper rise of respiration frequency and n higher frequen 
are shown by the Jerseys. The ambient temperature at which rectal tempera u 
begins to rise is 75° to 80°F.; that at which respiration frequency begins to 1 
is 70° to 75°F. The rise of rectal temperature at nmbient temperature o * ^ 

80° “contrasts with normal man whose rectal temperature does not rise c ^.^j n g 
110°F. ambient temperature because of the cooling effect of ^ IS V! P ean 
sweat—if the humidity is not excessive. It is this deficient sweating o y^ralifli 
cattle that renders them a problem in certain regions of Asia, Africa, , flD 
and in the Americas.” Note that respiration frequency begins to l pra t,irc 

ambient temperature several degrees below that at which recta cn 
begins to increase. The respiratory center apparently responds c ore 
a general rise in body temperature (as revealed by the rectal tempera ^ /j u // 
Brody and co-workers, Mianouri Agricultural Experiment Station 
433, 1949.) 







TEMPERATURE REGULATION 


651 


50 F., the average body temperature was 101.0°F. and the average 
respiration rate 20 per minute. At an average air temperature of 95°F., 
the average body temperature was 103.2°F. and the average respiration 

rate 90 per minute. Further studies on Jersey cows have been made 
(Gaalaas, 1947). 

Lee and Phillips have prepared a comprehensive report on the 
assessment of adaptabilitv of animals to climatic stress—temperature 
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Fia. 158.—The percentages of total heat loss (averaged for Jersey and Holstein 
cows) by evaporation from the respiratory tract, evaporation from the bodv 
surface and nonevaporative means (radiation, conduction, and convection) at 
ddrerent environmental temperatures in a climatic chamber. The specific hu¬ 
midity (gm. moisture per kg. dry air) of the inspired air increased from 1 to 16 
gm. as the environmental temperature was raised from 5° to 95°F., but the 
re ative humidity in the chamber was generally higher at the lower temperatures 
Ihe respiratory vaporization rises slowly with rising ambient temperature 

tu™ ° r . 4 l ° 30 ^ CeDt ° f thC t0tal hGat l0SS - Between ambient tempera- 

tures of 5 and approximately 50’F., the skin vaporization is about the same 

markedlJThJ ? rC8p,ratory tract ’ but from 50 ° on, surface vaporization rises 
rkedly. The sharper rise in skin vaporization between 65* and 80° may corre- 

spond to the breaking out in sweat of man at 80° to 90°F. In man from this time 

nor*? evaporative loss continues to increase rapidly with rising ambient tem- 

\n bodv’ ♦ lD lt dt>Ca r°-' and th “ “ apparent, y thc basic species difference 
tomper ‘ l ^ ure regulation the greater functional development of sweat 
glands in man than in cow." (From Kibler and Brody, MtsMouri AoHcuh^rnl 
Expinment Station Research Bull. 461, 1950.) 
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humidity, air movement, solar radiation, and barometric pressure. 

Brody and co-workers have made many studies on environmental 
physiology with special reference to the influence of ambient tem¬ 
peratures on various physiological functions of dairy and Brahman 
cattle. These investigations are reported in numerous research bul¬ 
letins of the University of Missouri College of Agriculture and Agri¬ 
cultural Experiment Station (1948 on). Figs. 157 and 158 are from the 
many graphs and other illustrations in the Missouri work. Fig. 157 
shows the increase of rectal temperature and respiratory frequency in 
cows with a rise of ambient temperature. Fig. 158 shows the per- 
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Fio. 159.—Effect of en¬ 
vironmental temperature 
on heat loss from an 
average pig by evapora¬ 
tion, convection, radia¬ 
tion, and conduction and 
on water drunk, water 
removed in the venti¬ 
lating air, and water 
vaporized from the pig- 
A group of five pigs was 
used. The weights of 
each pig at the time of 
the tests are shown in 
the bar diagrams at the 
bottom of the figure. The 
heat-loss and water data 
are averages for the fi' e 
animals in the calo 
rimeter at the time the 
measurements were made. 
The avernge weight dur¬ 
ing the test ranged from 
75 to 125 pounds. 

Btu = 0.25 Cal. (From 
Bond, Kelly, and Heil¬ 
man, Agricultural Fngt- 
nccring, 1952, 33.) 


centage loss of heat in cows by evaporation from the respiratory ® ’ 
evaporation from the body surface, and nonevaporative means (ra 

tion, conduction, and convection). llowing 

As to the Brahman cow, Kibler and Brody make the 

statement (Bull. 464, p. 15): 
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The greater heat tolerance of the Brahman cows above 70 to 80 degrees F. 
does not appear to be associated so much with greater sweating rate per unit 
surface area, since they developed almost as high rectal temperatures at 105 
degrees F. environmental temperature as Jersey cows of similar body weight, as 
with their greater surface area per unit weight with resulting greater heat dissipation 
below 95 degrees F. by convection, radiation, and vaporization from their larger 
surface. The lower heat production of these Brahman cows—associated perhaps 
with their lower milk production and feed consumption, and possibly with an 

inherently lower basal metabolism—may also be a factor in their greater heat 
tolerance. 

Dairy cattle subjected to high environmental temperatures develop 
respiratory alkalosis because of panting. The alkalosis is accompanied 

by an increase in blood pH and a decrease in blood C0 2 content (Dale 
and Brody). 

Heat and moisture losses from swine have been studied by Bond, 
Kelly, and Heitman, using the California psychrometric chamber. 
The effect of environmental temperature on these losses in growing 
pigs is shown in Fig. 159. 

FEVER 

Fever may be defined as any condition of positive heat balance 
not due solely to food, exercise, or environment” (Barbour). The ex¬ 
perimental evidence indicates that in fever the heat-eliminating mecha¬ 
nism more than the heat-producing mechanism is primarily at fault. 
The increase in heat production that occurs in fever appears to follow 
van’t Hoff’s law, according to which the velocity of a chemical reaction 
increases two to three times for a temperature increase of 10°C. 
A rise of 1°C. in body temperature should therefore cause an increase 
of 10 to 20 per cent in the basal metabolism. Actual measurements 
m man show an average increase of about 13 per cent for each rise in 
>ody temperature of 1°C. The increased metabolic rate is therefore 
more the result than the cause of the high temperature. The blood in 
fever, at least in certain forms of fever, becomes concentrated, and 
heat elimination at the surface of the body is inefficient. This leads to 
heat retention, and the temperature rises. This in turn causes an in¬ 
crease in the metabolic rate. At some point in the elevation of body 
temperature, heat loss balances heat production and a new condition 
of thermal equilibrium is established. The “thermostat” in the hy¬ 
pothalamus is set at a higher level. The problem of fever is more 
complicated than this brief description indicates, and much remains 
o be learned about the condition. Several kinds of fever are recognized 

common form is due to infection. For further information other 
Rources should be consulted (Barbour, Du Bois). ’ 
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MINERALS 

T HE mineral, inorganic, or ash content of the body is represented 
by the material left after the body is incinerated. Present evi¬ 
dence indicates that the following mineral elements are required by 
the body for normal metabolic processes and must be present in the 
food: calcium, phosphorus, sodium, potassium, chlorine, magnesium, 
sulfur, iron, iodine, manganese, copper, zinc, and cobalt. The last five 

or six are often referred to as trace elements because they arc re- 

• 

quired in such small amounts. Other minerals such as silicon, arsenic, 
bromine, aluminum, nickel, and boron are found in the body in small 
amounts. No function in metabolism has been demonstrated for them. 
They may be present in the tissues incidental to their presence in the 
food. It is a question whether fluorine is an essential mineral. 

The minerals yield no energy to the body, yet they play necessary 
roles in metabolism and nutrition. Calcium and phosphorus are required 
for the formation of bones and teeth. Other minerals, especially sodium, 
potassium, and chlorine, are concerned in the maintenance and regu¬ 
lation of the osmotic pressure, reaction, and other physicochemica 
properties of the liquids and juices of the body. 1 Certain inorganic 
substances, notably potassium, calcium, and sodium, are necessary o 
the irritability and rhythmicity of heart and smooth muscle an e 
irritability of skeletal muscle and nerve. Others arc in some ^*0 
bound up in the living protoplasm as one of its integral parts or as 
essential elements in enzyme systems. They are probably 3 US ^. a f ,r ^ r 
portant for the normal reactions of protoplasm as is protein, ip 1 > 
water. Still others have special functions. These arc considercc m 

following pages. ^ # -anartfl 

Probably most of the trace minerals function in relation to or as p 

of enzymes, hormones, or vitamins. , j y 

In the practical nutrition of farm animals apparent y C c0Tn . 
minerals that are ever deficient are sodium and chlorine ( c as 

1 For the action of water and electrolytes, fee Chapter XIX, 
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mon salt), phosphorus, calcium, iodine, iron, copper, cobalt, and 
manganese. With the possible exception of a few special areas, iron 
deficiency in the food is a practical problem only during the suckling 
stage in pigs. Cobalt and copper deficiencies in the soil and food occur 
only in certain areas of the world. Manganese deficiency is a practical 
problem only in poultry nutrition. Sodium and chlorine are the only 
inorganic substances that are regularly deficient in the foods of farm 
animals. 

The occurrence in this country of mineral nutritional diseases in 
animals is shown on the accompanying map (Fig. 160) and is dis¬ 
cussed in an article by Beeson. 

Calcium and Phosphorus. These substances are so closely related 
in metabolism and nutrition that they may well be discussed together. 
They constitute much the greater part of the mineral matter of the 
body and are found in greatest amounts in bones, where they occur 
us Ca 3 (PO,) 2 and CaC0 3 . These salts do not exist in the free state 
but are in some way combined with each other. Roentgen-ray and 
other physical studies on the structure of bone indicate that the 
latter belongs to the apatite series of minerals. 

The concentration of calcium in blood serum varies in different 

mammals from 9 to 15 mg. per 100 ml. (p. 49). The serum calcium is 

made up of diffusible and nondiffusible portions. The two fractions 

occur in about equal amounts. The former is ionized; the latter is 

protein-bound. The ionized calcium is believed to be the physiologically 
active portion. 

In the laying hen there is a high serum calcium concentration (15 
to 40 mg. per 100 ml.). The evidence indicates that the rise is caused 
by the action of estrogen, the parathyroid hormone possibly bavin" 
a synergistic effect (Sturkic). 

The concentration of inorganic phosphorus (determined as phos¬ 
phate but calculated as phosphorus) in blood serum ranges from 2 
to 8 mg. per 100 ml. in different animals (p. 49). It is believed that 
inorganic phosphorus is practically absent from the cells of the cir¬ 
culating blood. However, phosphorus in organic combination is present 
»n large amount in the cells. In general it may be said that the con¬ 
centrations of Ca 4+ and PO, E in the circulating plasma stand in 
reciprocal relation to each other. An increase in the concentration of 
one results in a decrease in the concentration of the other. 

Growing, pregnant, and lactating animals require liberal amounts 
of calcium and phosphorus in their diets. For proper nutrition it is 
necessary that these elements be present in the food in adequate 
amounts, and in some species it is necessary or desirable that they be 
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present in a certain ratio to each other. AY hen the intake of either is 
too high or too low, the absorption of the other from the intestine is 
interfered with. In practical nutrition a ratio of calcium to phosphorus 
in the food of 1:1 to 2:1 is usually recommended. 

The metabolism of calcium and phosphorus and that of vitamin D 
are closely interrelated (p. 673). YY^hen these interrelations are not 
normal, rickets tends to develop owing to failure to deposit proper 
amounts of tricalcium phosphate in the bones. YYTen the supply of 
vitamin D is adequate, less favorable Ca:P ratios do not cause 
trouble. YVhen the ratio is unfavorable and vitamin D is present in 
inadequate amounts, deficient bone calcification and rickets will re¬ 
sult even though the calcium and phosphorus supplies are very liberal. 
Apparently in cattle a rigid Ca:P ratio in the diet is not required 
fBohstedt). Possible reasons are a species difference in the metabolism 
of calcium and phosphorus and the consumption of large amounts of 
sun-cured hay. The parathyroid hormone (p. 856) is also a regulator 
of calcium and phosphorus metabolism. 

The availability of the different calcium salts (lactate, carbonate, 
phosphate, silicate, sulfate) does not appear to vary greatly. Cereals, 
tubers, roots, and the grass hays are calcium-poor, whereas milk, 
animal products containing bone, leaves, and the legumes are calcium- 
rich. Milk, the grains and their by-products, and meat are good sources 
of phosphorus. The roughages are phosphorus-poor. 

A balance of matter is determined by comparing the income in the 
food with the outgo in the excreta of the particular substance being 
studied. YYTen the draft on body calcium is large, an animal may show 
a negative calcium balance in spite of an adequate amount of calcium 
ln tlie diet. This means that the amount represented by the negative 
balance must have come from the calcium stores, principally the bones. 
This condition is seen particularly in high-producing dairy cows dur¬ 
ing the first half of the lactation period when fed winter diets (Forbes, 
1927). The calcium balance remains negative in spite of the addition 
j»f large amounts of calcium to the diet^-for example, precipitated 
>°nc, calcium carbonate, calcium chloride, calcium lactate. However, 
under very favorable conditions of feeding, positive calcium balances 
in high-producing dairy cows have been noted. Substantially the same 
statements apply to phosphorus. Under normal conditions such nega¬ 
tive balances are restored toward the end of lactation or during the 
ry period. Annual balances of calcium, phosphorus, and other min¬ 
erals for a cow are shown in Table 32. The balances of calcium and 
o ium are negative, the body having lost more of these elements 
‘an it gained. The other balances, including that of phosphorus, are 
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positive. The mineral balances of beef steers are not characterized 
by the negative balances seen in milk-producing cows (Forbes, French, 
and Letonoff). 

Calcium metabolism of lactating goats and dairy cows has been 
studied by Visek and co-workers, who administered radiocalcium 
orally and intravenously in this work. 


Table 32. Annual Mineral Balance of Cow 
(During the year the cow lost 49.2 kg. in weight) 



Income 

Outgo 

Balance 



In Milk 
(324 days) 

In Excreta 

Total 


Sodium 

grams 

15,559.0 

grams 

3,457.2 

grams 

12,155.7 

grams 

15,612.9 

grams 
- 53.9 

Potassium 

40,618.2 

10,155.3 

30,283.7 

40,439.0 

+ 179.2 

Calciu m 

38,941.6 

7,061.3 

32,819.1 

39,880.4 

-938.8 

Magnesium 

13,156.0 

804.8 

12,235.9 

13,040.7 

+ 115.3 

Phosphorus 

15,017.3 

6,366.1 

8,570.9 

14,937.0 

+ 80.3 

Chlorine 

27,204.8 

7,154.0 

19,290.3 

26,444.3 

+760.5 


(Data of Forbea, 1935 ) 


The distribution of calcium, phosphorus, and strontium in the bones 
of growing pigs has been studied by an autoradiographic tec me 
(Comar, Lotz, and Boyd). Radioactive solutions were injected 10 * 
arterially, and the pigs were killed at intervals varying fro 111 * 
minutes to 60 days after the injection. Autoradiograms were 
from longitudinal sections of the bone. In 2Vfc minutes there was e 
dence of Ca 45 accumulation in the region of the epiphyseal p « es - ^ 
one hour there was a large amount of radioactivity in the ® nC ’ _ 
60 days nearly all the radioactivity had disappeared from l ® ^ 
becular regions, but the endosteal region of the shaft sl0 " e 

presence of some Ca 45 . (1) It 

The principal known functions of calcium are as follows. ^ 

is of paramount importance in the formation of bone an c ^ on - 
It is present in all cells and is in some way necessary for their u j a | 
ing. (3) Because calcium is excreted chiefly by the bowc , i a ^ . g 
significance in the regulation of reaction in the organism. 
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concerned in the coagulation of blood and milk. (5) It is essential to 

the irritability of muscle and nerve and the rhythmic action of the 
heart. 


The known functions of phosphates may be summarized as fol¬ 
lows: (1) They are concerned in the maintenance of a proper reac¬ 
tion in the blood. (2) With calcium, they are of great importance in 
the formation of bone and teeth. (3) They are necessary in the main¬ 
tenance of a normal calcium concentration in the blood. (4) They 
play a necessary part in carbohydrate metabolism and the transfer 
of energy in cellular activity. 

The paths of calcium and phosphorus excretion are the intestine 
and the kidney. 

Phosphorus deficiency in the soil occurs in many parts of this 
country and of the world. This leads to a deficiency of the clement in 
plant products of the soil and may cause serious disorders and economic 
losses in herbivores. In phosphorus deficiency in cattle there is a de¬ 
crease in the inorganic phosphorus of the blood, poor appetite, and a 
gradual failure of milk production. Depraved appetite, or pica, may 
be evident later. Range animals may chew bones or eat parts of car¬ 
casses. Bone malformations known as low-phosphorus rickets in young 
cattle and as osteomalacia or osteoporosis in older animals are seen in 
chronic phosphorus deficiency. 

Similar deficiency of calcium may occur, but it is much less wide¬ 
spread, and the symptoms are mild. In prolonged deficiency, depletion 

of the calcium and phosphorus of the bones may cause increased bone 
fragility and fractures. 


Schmidt (1940) has discussed calcium and phosphorus deficiencies 
in cattle and horses. 

Parturient Paresis. This condition, known also as milk fever, occurs 
in dmry cows shortly after calving. When this metabolic disorder is 
lully developed, there is paralysis and unconsciousness, but in the 
earlier stages there may be muscular spasms and other signs of in¬ 
creased irritability of the central nervous system. In parturient paresis 
ere is a definite lowering of the serum calcium level; the fall mav 
be as much as 70 per cent. The hypocalcemia is usually regarded 
aving causal relation to the disease, but the factors operating to 
pro uce the fall in the level of the scrum calcium are doubtless com- 
C “ f" d v thc u y are ' P° or, y understood. The acute hypocalcemia is be- 

no o,l Z h, u7 R ; t al T Ut ’ at Ieast in P art - by thc heavy demands im- 
f. r' ?" the b, .°° d calc,um by the sudden onset of profuse lactation 

of the f b *®" b° stu,at O'J. that parathyroid insufficiency is thc basic cause 
ailure to mobilize adequate amounts of calcium. The treatment 
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of milk fever consists of inflation of the udder with air or the injec¬ 
tion of a calcium salt (usually calcium gluconate) intravenously. The 
udder inflation is believed to be effective because of stopping the secre¬ 
tion of milk by exceeding the secretory pressure of the mammary 
gland. Thus the drain on the blood calcium is stopped. 

That hypocalcemia is the fundamental physiological change in 
milk fever has been questioned by Craige and Stoll. They suggest 
that hypocalcemia, although a characteristic sign of the disease, may 
be secondary to a more fundamental alkalosis in this condition. Evi¬ 
dence in favor of this view has been adduced, but the validity of the 

hypothesis must be tested by further work. 

Hibbs has recently made a comprehensive review of the literature 

on parturient paresis. 

Magnesium. Although it has long been believed that magnesium is 
essential to life, proof of its indispensability has been obtained only 
in recent years. Kruse, Orent, and McCollum fed rats a diet contain 
ing only 1.8 parts per million of magnesium but adequate in other 
respects. Rats restricted to this diet become ill and soon die. The 
principal signs arc vasodilatation, increased nervous irritability, car iac 
arrhythmia, and convulsions. Similar signs occur in dogs. The tetnn> 
seen in hypomagnesemia is designated as magnesium tetany. 

The concentration of magnesium in the blood plasma ranges rom 
approximately 2 to 4 mg. per 100 ml. The corpuscles contain 
12 mg. per 100 ml. of corpuscles. Eveleth has studied the distri u i° 
of magnesium in the blood cells and plasma of animals of ma • 
species. Duncan, Lightfoot, and Huffman emphasize the norma 
ability of the plasma magnesium level in dairy calves and c rav ^ 
tention to a seasonal change in the concentration, a considcra ® . 
occurring during the transition from winter to summer c ® n 1 f 
In mature beef cattle at pasture Allcroft and Green have no c< ^ 
values in winter than in summar. Levels as low as 0.5 mg. ^ 
ml. without signs of nervous hyperexcitability or of tetany " c 
served. The grass contained an adequate amount of magnesiun i ^ 
Magnesium tetany, sometimes resulting in death, ias e ent3 
duced in calves by feeding a diet of milk or milk wit SU P^k u t nor - 
The tetany was accompanied by low blood magnesium j^ 0 bin- 

mal calcium and inorganic phosphorus (Duncan, Hu man, an 

cn usc the 

Calves fed diets sufficiently lacking in inagncsiu lesions 

blood magnesium to be reduced to a low level showe fC . | oW e i a stic 
at autopsy. Depositions of calcium salts occurred in e y or gans. 
fibers of the endocardium, great vessels, spleen, an 0 
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The Purkinje fibers were degenerated and calcified. Hepatitis and 
nephritis were noted (Moore, Hallman, and Sholl). Tetany associated 
with hypomagnesemia has been reported to occur clinically in cattle 
by several investigators (Metzger), and a disease of cattle associated 
with hypomagnesemia and hypocalcemia has been reported from Ore¬ 
gon. There was no deficiency of magnesium or calcium in the diets 
(Muth and Haag). 

Magnesium sulfate administered continously by intravenous in¬ 
jection in adequate amounts causes changes in the heart rate and 
intracardiac conduction as revealed by electrocardiographic studies. 
At first there is tachycardia, followed by bradycardia. All phases 

of intracardiac conduction are depressed (Smith, Winkler, and Hoff). 
See also p. 152. 

Given in large amounts parenterally, magnesium is a depressant 
to the central nervous system and has a peripheral curarelike effect 
(Goodman and Gilman). The central depressant effect of magnesium 
can be completely antagonized by calcium. 

The exact functions of magnesium in the body are unknown. It is 
necessary for neuromuscular irritability and it is concerned in the acti¬ 
vation of several enzymes essential in intermediary metabolism. 

Iron. In the animal body iron is best known as a component of 
hemoglobin, and its importance in this connection cannot be overesti¬ 
mated. Iron occurs, however, in other situations in the body. All tissues 
contain iron in the form of respiratory enzymes, and muscle also con¬ 
tains the compound myoglobin. Although most of the iron of the blood 
occurs in hemoglobin, there is the functionally important transport 
iron in the plasma. This is an iron-globulin complex, two atoms of 
icrric iron being combined with a plasma globulin, sidcrophilin. This 
iron is available for hemoglobin synthesis and for storage Prior to 
its passage from the blood it is detached from the carrier globulin as 
ferrous iron and in this form it leaves the blood. 

When the red cells disintegrate, hemoglobin is released in the 
eticulo-endothelial cells, where its breakdown occurs. The iron set free 

nnH !I\ Pa *u ll i t0 St ° ragC in the livcr and 8 P leen and is in part trans¬ 
ported to the bone marrow for reutilization in the formation of hemo- 


Th - *1 y a . VCry 8ma11 amount of iron is normally lost from the body, 
livor OS ‘i 18 , made good b y withdrawals from the iron depots in the 
from tho H SP CC f n ’ a " d these are replenished by the absorption of iron 
nrof . dlgC8t,ve tract - I** 00 is stored in the form of ferritin an iron- 

wHh the 0n ? P K U r ' Wh l Ch C ° ntainS a high Percentage of iron combined 
with the globulin apoferritin. Iron derived from the digestive tract 
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is stored mainly in the liver; that derived from hemoglobin breakdown 
is stored in the spleen as well as the liver. 

The duodenum is the principal place of absorption of iron from the 
alimentary tract, although some absorption occurs from the stomach 
and other locations. Absorption is in the form of ferrous iron, ferric 
iron of the food being reduced to this form in the stomach. The 
mechanism of absorption is believed to be as follows: Ferrous iron 
enters the mucosal cells and is oxidized to the ferric form. This then 
combines with the protein apoferritin to form ferritin, phosphate-bond 
energy being required. At the other end of the cell the iron is reduced 
to the ferrous state, detached from ferritin, passed into the blood, and, 
after autoxidation and in the presence of C0 2 , is attached to sidero- 
philin for transport as ferric iron. Ferritin is concerned in iron absorp¬ 
tion from the intestine of the horse, and it appears that part of the 
absorption occurs by way of the lymphatic system (Gabrio and 
Salomon). 

Radioactive iron has been used in studies of iron absorption, trans¬ 
port, and utilization (Hahn and co-workers). The radioactive iron 
was fed to dogs, both anemic and normal, following which procedure 
measurements of radioactivity of viscera and blood were made. It was 
found that iron absorption is determined by the need of the body for 
iron. In normal dogs not requiring iron there is only slight absorption. 
In anemic dogs prompt assimilation of the iron occurs. The plasma is 
the medium of iron transport from the digestive tract to the place 
where it is utilized. Significant amounts of radioactive iron occur 
in the red cells in a few hours after its administration. Under norma 
conditions there is very little absorption of iron from the gastroin 
testinal tract, for normally very little iron is lost from the body. Sma 
amounts are excreted in the bile. However, when anemia is induce , as 
by bleeding, absorption of iron from the gastrointestinal tract becomes 
active in about 7 days. Tuttle absorption occurs normally because 
gastrointestinal mucosa is saturated with iron. Desaturation requires 
days, as after hemorrhage. Then active absorption can occur. 

In keeping with the hypothesis of iron absorption given above, 
mechanisms are assumed to regulate the absorption of iron from 
intestine (Kirkpatrick): (1) the ferritin content of the cells an 
the oxygen content of the blood. Blockage of iron absorption 
when the cellular mechanisms are saturated with iron. The wj 1 • 

of iron from the cells to the blood is favored by a low hemog o m 
and the resulting low oxygen content. These conditions facni « ^ 

formation of ferrous iron and its entry into the transport svs c ^ 
fact, under these conditions ferrous iron might move t roug l 
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mucosal cells without being converted to the ferric form. A theory 
of iron absorption from the digestive tract is summarized in Fig. 161. 
Granick has reviewed the structure and functions of ferritin. 

Milk contains very little iron, cow’s milk only about 0.5 mg. per 
liter. Animals are born with a considerable store of iron in their bodies, 
especially in the liver. In most species this is sufficient to prevent nutri¬ 
tional anemia until the young animal begins to eat other foods. Under 
conditions of confinement, however, when there is no access to soil 
or forage, suckling pigs frequently develop nutritional anemia with 



Fio. 161.-—A theory of the regulation of iron absorption from the digestive tract. 
(1) The entry of ferrous iron into the cells is regulated by a mucosal block, 
wliich is effective when the cellular mechanisms are saturated with iron. (2) 
The passage of ferrous iron out of the cell into the blood is favored by a decrease 
in the oxygen pressure in the blood and the cells. Further discussion in text. 
(From Granick, Bulletin of the New York Academy of Medicine, 1949, 25.) 


very low hemoglobin levels. This condition can be prevented, or cured 
in the early stages, by the administration of iron and a trace of copper 
(Fig. 162). Untreated, the disease is highly fatal. 

Copper. Modern work demonstrates that copper is essential for 
iron utilization in hemoglobin formation (Elvehjem, Schultze). Copper 
is not a part of the hemoglobin molecule nor does it appear to be an 
essential part of the framework of the erythrocytes in the circula¬ 
tion. Copper probably acts as a catalyst in hemoglobin formation and 
erythropoiesis, and it is of importance in some enzyme actions in the 
body. For example, copper is required in tyrosinase activity. Copper 
occurs in small amounts in the blood, the concentration being about 
0.1 mg. per 100 ml. of blood. Its distribution between plasma and 
corpuscles is about equal. It is present in all living matter. Underwood 
gives extensive data on the copper content of blood and various organs 
and tissues of animals. 
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Copper-deficient areas occur in several parts of the world, and 
animals, particularly ruminants, grazing in these areas show disorders 
associated with copper deficiency. Copper deficiency has been reported 
in Florida. 

A metabolic interaction between copper and molybdenum may 
occur in ruminants under practical conditions. Evidence indicates that 
high intakes of molybdenum from pastures can reduce copper ab¬ 
sorption and storage, and low intakes of molybdenum where the copper 
content of the pasture is normal or high may lead to increased copper 
storage and chronic copper poisoning (Underwood). 



Fig. 1G2. — Showing the effect of iron and copper (iron citrate and copper sulf.de 
administration on the hemoglobin content of the blood of suckling pifc 3 ’ . e 
solid line indicates the average hemoglobin content of the pigs that receive iron 
and copper. The broken line indicates the average hemoglobin content of > cr 
mate controls, not receiving iron and copper. (Data of Hamilton, Hunt, A itc ie 
and Carroll.) 


Cobalt. Recent evidence shows that this mineral is essential for t e 
prevention of progressive emaciation and anemia in ruminants. 1 
occurs in Florida a nutritional anemia of cattle known as salt sic • 
Where cobalt is lacking in the forage, iron and copper are inc t( 1 
in curing the condition. Cobalt is also required (Neal and Ahmann^ 
Evidence has been obtained of a cobalt deficiency in cattle in par s 
Michigan (Killham), Wisconsin (Gcycr and co-workers), ^ov\ ft ^ 
shire, North Carolina, and New York (Fig. 160, p. 656). ^ lscftS ^ r j ( j 
ruminants in Australia, New Zealand, and other parts of t ic 

due to cobalt deficiency have been reported (Marston). v'fcamin 

Cobalt deficiency has been observed only in ruminants. 1 j» c 
B, 2 is a cobalt-containing compound. It is required in the me 
processes of all animals, being essential for growth or er>t rop 
or both. Ruminants are dependent upon bacterial synthesis in ^ 
digestive tract for their supply of vitamin Bi a . In the absence o 
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the bacterial action necessary for this synthesis cannot occur. Cobalt 
deficiency in these animals is therefore largely a deficiency of vita¬ 
min B 12 . 

Cobalt excretion from the body has been studied by the use of 
radioactive cobalt (Greenberg and co-workers). When cobalt is intro¬ 
duced parenterally into the body, the chief path of its excretion is 
the urine. Much smaller amounts are eliminated in the feces. When 
given by mouth, much of the cobalt is unabsorbed, as is indicated by 
the appearance of a large proportion of the element in the feces. 

Sodium, Potassium, and Chlorine. Sodium salts occur mainly in 
the fluids of the body, whereas potassium salts are more abundant in 
the cells. Of the sodium salts, chloride is present in greatest amounts. 
This salt is peculiar in that man deliberately adds large amounts of it 
to his diet and in that it is craved by many animals, especially 
herbivores. Years ago Bunge, on the basis of some experiments on 
himself, propounded the theory that sodium chloride craving is due to 
the presence of excessive amounts of potassium salts in the diet of 
vegetable feeders. These salts upon entering the body were supposed 
to cause the excretion of excessive amounts of sodium and chloride, 
thus leading to sodium chloride hunger. That Bunge’s theory does not 
hold, at least for growing pigs, is indicated by the work of Richards, 
Gordon, and Husband, who found that an excessive potassium content 
of the diet has little effect on the excretion of sodium or chloride. In 
this same connection Theiler, Green, and Du Toit have shown that a 
relatively high ratio of K to Na in cattle is not productive of specific 
disease. It is probable that the craving of vegetable feeders for salt 
is due more to a deficiency of sodium and chlorine in foods of plant 
origin than to any specific K:Na antagonism. 

The rates of absorption of sodium, potassium, chlorine, and other 
minerals have been studied in man by the use of radioactive isotopes 
(Hamilton). The radiosodium was given in the form of NaCl, the 
radiopotassium in the form of KC1, and the radiochlorine in the 
form of LiCl. The radioactivity of the hand, as measured by a 
Geiger-Muller counter, was used to indicate absorption. The rates of 
absorption of sodium and chlorine were rapid, radioactivity of the 
hand manifesting itself within 3 to 6 minutes after ingestion. Ab¬ 
sorption appeared to be complete within 3 hours. The absorption of 
potassium was slower. It took 6 to 15 minutes for radiopotassium 

to appear in the hand after ingestion. The period of absorption lasted 
5 hours. 

The effects on animals of diets very low in sodium have not been 
extensively studied. Orent-Keiles and co-workers restricted rats to 
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a diet containing only 0.002 per cent sodium but adequate in other 
respects. A train of disorders developed which resulted in death. Re¬ 
tarded growth, eye lesions, and disturbances of the reproductive func¬ 
tions were the principal manifestations. 

The same investigators studied the effects of chlorine deprivation. 
Growth was retarded but no additional signs developed during a period 
of 90 days. A diet low in both sodium and chlorine also led to re¬ 
tarded growth, as well as severe alopecia. In neither case was the 
growth retardation so great as that seen with a sodium-low diet. 

The functions of and requirements for sodium chloride of dairy 
cattle in milk production have been studied by Smith and Aines. The 
signs of salt deficiency are depraved appetite, decrease in body weight 
and milk production, a lowered concentration of chloride in blood 
plasma and of sodium and chloride in urine, and later a fall of body 
temperature, neuromuscular disturbances, cardiac arrhythmia, and 
death. In ordinary rations sodium is more likely to be deficient than 
chloride. 

The chick possesses considerable tolerance for salt, 3.18 per cent 
of sodium chloride in the ration causing no harmful effect. Salt in 
gested in food and salt ingested in water are about equally toxic 

(Kare and Biely). 

The sodium, chloride, and potassium requirements of growing pigs 

have been investigated by Meyer and co-workers. . 

The effect of potassium deprivation in rats has been studie in 
McCollum’s laboratory. Growth was slow but steady. Sexual ma 
turity was retarded. Pregnancy failed to occur. The animals wer ® 
restless, and depraved appetite was evident. Cardiac slowing an ^ 
arrhythmia were present, and myocardial damage was foun 


autopsy. . 

The potassium requirements of chicks and the signs of P°^ S f* U ne 
deficiency, as well as the relationship of potassium to growth an 

formation, have been investigated by Gillis. , . y 

The potassium requirements of growing pigs have been stu< ic ^ 

Hughes and Ittner. In pigs receiving no potassium in the ,e >_ 
first indication of the deficiency was reduced appetite. Unsteaci ^ 
inability to rise, loss of weight, emaciation, and death fo 
autopsy the mucous membrane of the gastrointestinal trac 


pathological changes n 0 f 

Calves on a diet low in potassium show a distinct pro . gon j 

the QRS inteival of the electrocardiogram (Sykes anc /gyke9 

and degenerative changes in the Purkinje fibers of the ear 


and Moore). 



MINERALS AND VITAMINS 


667 


A paralytic syndrome has been produced in dogs on a diet lacking 
potassium and some of the B-vitamins. The condition, which can easily 
be reversed with potassium therapy, is believed to be similar to periodic 
paralysis in man (Smith). 

Under practical conditions of animal nutrition a potassium de¬ 
ficiency is probably never present. 

Iodine. See p. 851. 

Sulfur. See p. 564. 

Manganese. This substance is believed to occur, in very low con¬ 
centrations, in practically all tissues. It is stored mainly in the liver 
and kidney and is eliminated by the colon, in the bile, and in the urine. 
Although the normal functions of manganese are poorly understood, 
the evidence indicates that it is necessary for proper bone formation, 
growth, and reproduction. It has been suggested that manganese is 
concerned in tissue respiration, possibly acting as a cofactor and to 
accelerate phosphatase activity in bones. It is the physiological acti¬ 
vating ion of arginase. Perosis is a malformation of the bones of chicks 
and poults. It is a complicated deficiency disease, a lack of manganese 
being one of the factors responsible for its production. Choline and 
biotin, B-vitamins, are also concerned in the production of perosis. 
Manganese deficiency has been produced experimentally in rabbits. 
Bone development is seriously affected, both grossly and microscopi¬ 
cally. Testicular degeneration occurs (Smith and co-workers). Rats 
on manganese-deficient diets show impaired growth, slight anemia, 
defective bone formation, and a high blood serum phosphatase 
(Wachtel, Elvehjem, and Hart). Swine kept for months on rations 
very low in manganese show slight or doubtful evidence of manganese 
deficiency (Johnson). This does not mean that swine do not need 
manganese, but it docs demonstrate the improbability of the occur¬ 
rence of manganese deficiency in swine when fed normal diets under 
natural conditions. 

In practical nutrition manganese deficiency is not a problem ex¬ 
cept in poultry under some conditions. 

Zinc. Modern work shows that zinc is a dietary essential. Rats 
on diets very low in zinc do not grow as well, either as to rate or maxi¬ 
mum weight attained, as control rats on rations containing zinc. 
Emaciation and alopecia also develop. The functions of zinc in the 
body are poorly understood. It occurs in at least three enzymes— 
carbonic anhydrase, uricase, and kidney phosphatase—and is a part of 
crystalline insulin. It is widely distributed in the body and appears to 
be associated with proteins. The elimination of radioactive zinc has 
been studied (Montgomery and co-workers). Introduced intravenously 
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as zinc chloride, labeled zinc appears in pancreatic juice, duodenal 
juice, and bile, as determined on animals with appropriate fistulas for 
collecting the juices. The amount eliminated in the bile was very small, 
but the other juices contained large amounts. Only a small amount of 
radioactive zinc is excreted in the urine (Sheline and co-workers). 

Zinc deficiency in the food under practical conditions apparently 
never occurs. 

Fluorine. This element is widely distributed, in very small amounts, 
in both plants and animals. Much of the interest in fluorine arises 
from the toxic effects it may produce. When fluorine compounds 
are ingested beyond certain limits, definite harmful effects and even 
death may result. Chronic effects of fluorine ingestion include struc¬ 
tural changes in the teeth and bones, mottling of the enamel, loss 
of appetite, retarded growth, and decreased milk production. Some 
forms of fluorine are more toxic than others, and apparently some 
species are more susceptible to the harmful effects of fluorine than 
others. Chronic fluorine poisoning in animals is the subject of a 
comprehensive review by Peirce, and the fluorine problem in the 
feeding of livestock is covered in a report by Mitchell (1942). Hobbs 
and co-workers have made an extensive study of fluorosis in ruminants. 

There is evidence that fluorides in very small amounts will P re " 
vent dental decay or lower the incidence of it, and it has been sug¬ 
gested on this basis and other observations that fluorine should c 

classed as a dietary essential. _ 

Selenium. This mineral element occurs in the soil in certain po s 
of the country to such an extent that plants grown on the soil absor 
enough selenium to make them toxic to animals and perhaps to man. 
Selenium poisoning is a livestock disease of the Great Plains anc 
Rocky Mountain regions. It may occur in practically all species 
farm animals including poultry. 

Selenium poisoning occurs in acute and chronic forms. The c ironI 
form, known also as alkali disease, is characterized by dullness, a p 
of vitality, emaciation, atrophy of the heart and liver, anemia, er ° sl ” 
of the long bones, loss of hair, and sloughing of the hoofs. The 
of plants and their selenium content show a high correlation. 00 
containing 5 to 40 parts per million are toxic. Selenium poisoning 
covered in a bulletin by Moxon and a review by Moxon and nan. 

VITAMINS 

Vitamins are organic food substances which are required on ^ cn 
small amounts but which are necessary for the well-being or 
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the life of the animal. The study of vitamins is comparatively new, 
although deficiency diseases, which are caused in a number of in¬ 
stances by lack of vitamins, have long been recognized. During recent 
years rapid progress lias been made in the chemistry of the vitamins, 
and much has been learned about their physiological actions. A number 
of the vitamins have been shown to be components (coenzymes) of 
enzyme systems, and it is believed that more, if not all, of them will 
be found to function in this way. 

In considering whether a vitamin is required by a certain species 
of animal, one should distinguish between the necessity for the vitamin 
in the metabolic processes and the necessity for the vitamin in the 
diet. For example, it is undoubted that ruminants require in their 
metabolic processes many of the B-vitamins; ruminants do not, how¬ 
ever, have a dietary need for these vitamins, because they are syn¬ 
thesized by bacterial action in the rumen. Ascorbic acid, or vitamin C, 
is known to be required in the metabolic processes of many species. 
It is a dietary essential only in a limited number of species (man, 
monkey, guinea pig), for most species are able to synthesize it in their 
bodies in adequate amounts. 

The first need might therefore be termed the physiological or met¬ 
abolic need for the vitamin, the other the dietary or practical nu¬ 
tritional need. In the practical feeding of farm animals, other than 
poultry, vitamins A and D appear to be the only ones that need 
usually be considered, and under favorable feeding conditions even 
these are not likely to be deficient. The need for the other vitamins is 
usually adequately met by the presence of vitamins in the diet or by 
their synthesis in the animal. Solar radiation may supply a sufficient 
amount of vitamin D. 

Vitamins may be conveniently divided into fat-soluble and water- 
soluble groups. The fat-soluble vitamins are vitamins A, D, E, and K. 
The water-soluble ones include thiamine, riboflavin, nicotinic acid 
or niacin, vitamin B„, pantothenic acid, biotin, folic acid, choline, 
inositol, vitamin Bi 2 , and ascorbic acid. All of these except ascorbic 
acid belong to the vitamin B-complex. The evidence indicates that 
other water-soluble vitamins probably exist, but they have not yet been 
satisfactorily identified. 

Vitamin A. This is a nearly colorless primary alcohol having the 
empirical formula, C 20 H 20 OH. It is found most abundantly in the fish- 
liver oils, egg yolk, liver, butter, cream, whole milk, kidney, and other 
animal products. Meat (muscle) contains little or no vitamin A. 
Another form designated as vitamin A 2 has been found in the oils 
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obtained from some fresh-water fish. It is less active in promoting the 
growth of rats than is vitamin A lf the form generally designated as 
vitamin A. 

Foods of plant origin do not contain vitamin A, but many of them 
contain instead yellow pigments from which the vitamin can be formed 
in the animal body. These pigments are carotenes, and four different 
compounds are recognized, the most important of which is beta- 
carotene. These substances, known as provitamins, can be converted 
into vitamin A in the intestinal wall. Beta-carotene yields two mole¬ 
cules of vitamin A. Some animals do not convert all the provitamin 
of their food into vitamin A but store some of the provitamin as such. 
These animals have yellow body fats. Cows that do not convert all 
their carotene into vitamin A secrete carotene in the milk. This gives 
the milk fat a yellow color. Colostrum is generally rich in vitamin A, 
but the amount present varies with the amount in the diet. The 
vitamin-A content of colostrum is important, for calves at birth are 
usually deficient in vitamin A. Following the intake of colostrum there 
is a definite increase in the vitamin-A content of the blood (Moore 
and Berry). 

In plants the carotenes occur closely associated with chlorophyll- 
Hence the leafy plants have a high vitamin-A value. In general, the 
greener the plant the higher is the carotene content. 

Vitamin A and its precursors are rather easily oxidized. Therefore 
roughages lose a great deal of their vitamin-A value in field-curing 
and in storage. 

So far as is known, all animals require vitamin A or one of its pro¬ 
vitamins in the diet. The need is most noticeable in young anima s, 
which, lacking the vitamin, fail to grow and finally die. Mature anima s 
withstand lack of vitamin A for a long time. This indicates storage 
powers. The vitamin-A reserves of range cattle become depleted in 
to 268 days when the animals are placed on a carotene-free < ie 
(Riggs). The reserves of a well-fed dairy cow may last for months. n 
all animals the liver appears to be the main storage place of vitamin 

An important function of vitamin A in the animal bod} > s ^ 
maintain the health and functional integrity of epithelial struc ur 
Changes in epithelial tissues in vitamin-A deficiency occur in m ft ^ 
situations in tlie body and have been demonstrated in anima - ^ 
many species and of all ages. The epithelial changes may he su 
marized as follows (Wolbach and Bessey): “atrophy of the epit e ^ 
concerned, reparative proliferation of basal cells, and growth flnf 
ferentiation of the new products into a stratified keratinizing ep ^ 
limn.” Regardless of where the affected epithelium is locator, 
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placement epithelium is comparable with epidermis. As a rule the 
epithelial cells that are involved in vitamin-A deficiency have a 
secretory as well as a protective function and are themselves without 
power to divide. Following are some of the locations in which epi¬ 
thelial changes occur in vitamin-A deficiency: salivary and buccal 
glands, respiratory tract, urogenital tract, eyes and associated struc¬ 
tures. Since in vitamin-A deficiency the final epithelial product is the 
same, namely, a keratinizing epithelium, it is assumed that vitamin A 
is normally concerned in maintaining the structural and functional 
differentiation of this type of epithelial cell. The damaged epithelium 
is open to infections, which often follow. If vitamin A is administered 
and recovery occurs, the epithelium in the various locations returns to 
its original form and functions. 

Vitamin A functions also in certain photochemical changes occur¬ 
ring in the retina. The rods, the retinal receptors concerned in dim-light 
vision, contain the pigment rhodopsin or visual purple. When exposed 
to light, rhodopsin breaks down into the pigment retinene and a protein 
known as opsin. In the dark the reaction reverses and rhodopsin is 
re-formed. The change from rhodopsin to retinene and opsin is rapid; 
the reverse change is slower. These changes are believed to be the 
photochemical basis of dark and light adaptation. Retinene, which 
is vitamin A aldehyde, and opsin undergo another reaction, the very 
slow transformation to a mixture of vitamin A and opsin. This mixture 
can regenerate to rhodopsin. During the reactions in the retina some of 
the vitamin A or retinene is lost and is replaced by vitamin A from the 
blood. If the blood level of vitamin A is too low, a functional night 
blindness will result. Iodopsin, a cone pigment, also undergoes similar 
cyclic changes in the retina. The pigment is the same in the two cycles 
but the opsins are not identical. 

Nervous lesions and signs occur in vitamin-A deficiency, especially 
in young animals. A possible explanation is that skeletal growth be¬ 
comes retarded in young vitamin-A-dcficient animals but the central 
nervous system and other soft organs continue to grow for a time. The 
continuing growth of the central nervous system in a nongrowing bony 
framework results in mechanical pressure on, and distortions and her¬ 
niations of, the central nervous system. Structural and functional 
changes in the nervous tissue follow. Another possibility is that actual 
malgrowth of the bony structures occurs. 

The effect of avitaminosis A has been extensively studied in cattle. 
Night blindness is one of the first clinical manifestations of vitamin-A 
deficiency. Convulsions, total blindness, and degenerative changes in 
the kidneys are later manifestations. Abortions and the birth of weak 
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calves have been noted under natural conditions of vitamin-A de¬ 
ficiency (Guilbert and Hart, Hart). A disease in cattle sometimes 
known as cottonseed meal poisoning is primarily a deficiency of vita¬ 
min A (Halverson and Sherwood; Schmidt, 1941). Calves on diets low 
in carotene develop night blindness, papillary edema, permanent blind¬ 
ness associated with constriction of the optic nerve, and elevated 
cerebrospinal fluid pressure (Moore; Moore and Sykes). Studies of 
the levels of vitamin A and carotene in the blood plasma of cows and 
calves have been made by a number of investigators. 

Studies on vitamin-A deficiency in horses have been made (Howell, 
Hart, and Ittner). “Night blindness, lacrymation, keratinization of the 
cornea, respiratory symptoms, reproductive difficulties, capricious ap¬ 
petite, progressive weakness, and death occur quite regularly.” Vita¬ 
min-A deficiency is not the cause of joint lesions in the horse (Hart, 
Goss, and Guilbert). Histological changes in the retinas of horses 
showing vitamin-A deficiency have been studied (Andersen and Hart). 

In sheep vitamin-A deficiency results in night blindness, nervous 
disorders, and reproductive troubles. 

In pigs the absence of vitamin A results principally in nervous 

signs such as unsteady gait, inco-ordination, trembling of the legs, 

# • 

spasms, and paralysis. These animals have to be kept on a vitamin- 
A-deficient diet for several months before symptoms develop. Eye 
lesions are seldom present (Hughes, Aubel, and Lienhardt). In the 
experimental studies of Lund on vitamin-A deficiency of the pig. 
the signs were entirely of nervous origin. Several other investigators 
have reported nervous signs in pigs on a vitamin-A-deficient diet. 
Other troubles are night and day blindness and dead, weak, or mal¬ 
formed offspring. Elevated cerebrospinal fluid pressure has been ob¬ 
served (Sorensen and co-workers). 

In avitaminosis A in the dog, xerophthalmia, corneal changes, nerv¬ 


ous disturbances, and bone malformations are seen. 

Vitamin-A deficiency in the fox is characterized mainly by nervous 
disorders. In some cases eye lesions, widespread epithelial changes, 
and degenerations in the nervous system are seen (Smith, 1942). 

In chickens lack of vitamin A in the diet causes slower grout , 
lowered resistance to disease, failure of the glandular secretions, eye 
lesions, muscular inco-ordination, and other signs (Norris). 

Evidently the effects of vitamin-A deficiency in different anima s 
may vary widely. Moore has tabulated the effects in several species. 

There is evidence that the disease of cattle known as X-disease o 
hyperkeratosis is in some of its manifestations a vitamin-A deficienc 
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The causative agents have, among other actions, an antivitamin-A 
effect by interfering with the conversion of carotene to vitamin A. 
Feeding the toxic agent results in a rapid fall in plasma vitamin-A 
levels. The evidence indicates that chlorinated naphthalenes are the 
causative agents in most cases. 

Vitamin D. Several distinct forms of vitamin D are recognized, 
but two are of greatest practical importance. “These are activated 
ergosterol and activated 7-dehydrocholesterol. Other forms undoubt¬ 
edly contribute to the total antirachitic effectiveness of certain agents, 
and it may be that the importance of some is greater than now ap¬ 
pears. But for practical purposes, one may consider that all anti¬ 
rachitic medicines and foods owe their peculiar property chiefly to 
either or both of the two forms mentioned” (Bills). Activated ergos¬ 
terol is also known as calciferol or vitamin D 2 and activated 7-de¬ 
hydrocholesterol as D 3 . Most antirachitic agents owe their antirachitic 
properties to vitamin D a . No vitamin D, is recognized. The pre¬ 
cursors of vitamin D, provitamins, are activated by exposure to ultra¬ 
violet radiation. The changes produced in the provitamins by ir¬ 
radiation involve a rearrangement of groups within the molecule. 

The distribution of vitamin D in nature is very limited. Living 
plant tissue contains none. Some plant tissues when no longer living 
will, under the influence of sunlight, acquire considerable vitamin-D 
potency because of the activation of ergosterol. Properly cured hay, 
especially legume hay, contains a significant amount of vitamin D. 
Seeds and their by-products contain practically none. Natural foods 
containing vitamin D are of animal origin. Fish oils are rich natural 
sources. Egg yolk is a good source, and butter fat and meat products 
contain some of the vitamin. 

Vitamin D is necessary for the prevention or cure of rickets. How 
ever, the requirements of the different species for the vitamin vary 
greatly. Most animals carry only small reserves. 

Rickets is a disease of the growing bones characterized by their 
failure to deposit proper amounts of tricalcium phosphate because 
of a lowering of the inorganic phosphorus and, to a lesser extent, 
the calcium of the blood. In rickets the inorganic environment in 
the growing bone is unfavorable for the necessary mineral deposi¬ 
tion required in bone growth. A sufficient concentration of the bone¬ 
forming compounds in the blood is essential for their deposition, and 
this concentration is inadequate in rickets. Bone formation is in some 
way related to the enzyme phosphatase, which occurs in large amounts 
in cartilage. One of its functions may be to maintain an optimal 
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phosphate ion concentration for bone formation. In rickets there is an 
increase of the phosphatase content of the blood and apparently a 
withdrawal of phosphatase from the sites of ossification. 

Apparently vitamin D is required by all higher vertebrates, but 
under practical conditions it is necessary to add it to the diets of only 
those animals that do not have ready access to sunlight, especially 
during pregnancy and growth. With adequate exposure to sunlight, 



Fio. 163.—Calf suffer¬ 
ing from clinical rick¬ 
ets (above). The same 
calf after having been 
on a rachitic diet and 
a vitamin-D supple¬ 
ment for six months 
(below). (From 
Rupel, Bohstedt, and 
nart, Wisconsin Agri¬ 
cultural Experiment 
Station Research Dull 
115, 1933.) 


D 

sufficient vitamin D is formed in the skin to meet the 
requirements of the animal. The provitamin in this case is 7- 1 
cholesterol (provitamin D s ), which can be synthesized in t ie ^ 
Ultraviolet radiation from artificial sources is quite effccthe ^ 

tccting young animals from rickets. Krauss and Knoop 
vestigated this topic with calves both as to the duration o 
radiation and the skin regions giving satisfactory results. pigfli 

Rickets may occur under practical conditions in chic pjg 

calves, foals, and dogs. Clinical rickets in a calf is illustrate 
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163. McCay has discussed rickets and the vitamin-D requirements of 
dogs. 

The mode of action of vitamin D is not fully known. Its main action 
appears to be to increase the absorption of calcium by increasing the 
permeability of the intestine to calcium salts. The resulting increase in 
the serum calcium level leads to decreased parathyroid activity and 
thus to decreased phosphate excretion by the kidney. There is also 
evidence that vitamin D is concerned in the intermediary metabolism 
of the bone-forming elements. The view that vitamin D functions to 
promote the absorption of calcium from the alimentary canal and to 
aid in the mineralization of bone has received support in tracer 
experiments in which radioactive isotopes of calcium and strontium 
were administered to rachitic rats (Greenberg). Evidence has been 
obtained that vitamin D is concerned in the maintenance of the citric 
acid content of bones. 

Vitamin E. Three naturally occurring forms of vitamin E are 
recognized: alpha-tocopherol, beta-tocopherol, and gamma-tocopherol. 
The first possesses the greatest vitamin activity. Synthetic alpha-to¬ 
copherol has the physical, chemical, and physiological properties of the 
naturally occurring substance. It is now available in large quantity. 

Vitamin E is widely distributed in nature. The oils obtained from 
seeds contain large amounts, green leaves considerable amounts, animal 
tissues limited amounts. 

That vitamin E is required for reproduction in rats has been 
known for a good many years. Absence of the vitamin from the diet 
causes sterility in rats of both sexes. In the male there is testicu¬ 
lar atrophy, destruction of the germ cells, and finally destruction of 
the seminiferous epithelium. In female rats death and resorption of 
the developing young is a characteristic feature. If treatment is 
begun in time, the sterility resulting from lack of vitamin E can be 
cured by feeding the vitamin. Absence of vitamin E from the diet 
causes reproductive failure in chickens, both sexes being affected. 
To what extent vitamin E is required for reproductive activities in 
farm animals is at present uncertain. Apparently the goat neither 
requires it in the food (Thomas and Cannon) nor synthesizes it in 
significant amounts in the body (Underbjerg, Thomas, and Cannon). 
Rations very low in vitamin E have been fed to cattle, both male 
and female, for long periods of time without causing reproductive 
troubles. Long-continued feeding of such rations may, however, lead 
to death from cardiac failure. Such deaths under practical conditions 
would probably never occur, since rations commonly fed to cattle 
contain ample amounts of vitamin E. There is some evidence, as yet 
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inconclusive, that swine require vitamin E for reproduction and 
growth. 

Muscular Dystrophy. It lias been shown in several species that the 
absence of vitamin E from the diet results in severe injury to the 
skeletal muscles —muscular dystrophy. The condition has been observed 
in puppies produced from dogs fed for long periods on a diet deficient 
in vitamin E (Anderson, Elvehjem, and Gonce). Injury to cardiac 
muscle may also occur. Nutritional muscular dystrophy of animals can 
be prevented or cured by the administration of alpha-tocopherol. 

A nutritional muscular dystrophy in lambs known as stiff-lamb 
disease occurs under practical conditions. At autopsy gross and micro¬ 
scopic lesions have been found in the skeletal muscles of stiff lambs. 
Some of the animals show heart lesions. Investigations by Willman and 
co-workers indicate that this condition can be prevented by feeding 
alpha-tocopherol to the ewes or to the lambs and that it can be cured 
by injecting a preparation of alpha-tocopherol into stiff lambs or by 
feeding it to them. It thus appears certain that a lack of vitamin E in 
the ration of lambs is the cause of stiff-lamb disease. 

Recent work throws some light on the action of vitamin E in the 
prevention of muscular dystrophy. The affected muscle has a high rate 
of oxygen consumption, which can be reduced by the use of tocopherols. 
The latter substances are antioxidants, and it is suggested that they 
reduce oxygen consumption in the dystrophic muscle by reason of this 
property. It also appears thut the antioxidant action of vitamin E 
might be of value in protecting carotene and vitamin A from oxida¬ 
tion both in the alimentary tract and in the cells. These substances 
are destructively oxidized in the presence of unsaturated fats. Vitamin 


E might function to prevent or lessen this effect. 

Deficiency or excess of many nutrients has been claimed to interac 
with deficiency of vitamin E to produce or accentuate a large nurn er 
of abnormalities (Moore). Such considerations suggest a broad 10 
logical function for vitamin E, in addition to the antioxidant ac 101 

noted above. . 

Vitamin E is so abundant in naturally occurring foodfc tia ^ 
ordinarily requires no attention in the practical feeding o 

animals. . 

Vitamin K. At least two forms of this vitamin occur in nfl ' 
Kj and K 2 . Their composition is known and synthesis has ecn 

complished. . . if a lfa 

Vitamin K occurs especially in green leaves of plants. ^ ne ^ 
is a good source. The vitamin can be synthesized by severa i n 
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bacteria. Egg yolk and liver contain significant amounts. The vitamin 
is widespread in its occurrence. 

Vitamin K is necessary for the formation of prothrombin in the 
liver. The mechanism of this action is not clear. In the absence of 
the vitamin the level of the prothrombin in the blood is reduced, the 
clotting power is impaired, and a hemorrhagic tendency develops. 
Vitamin K is therefore referred to as the antihemorrhagic vitamin. 
Birds and mammals of several species including man have been shown 
to develop this tendency to bleed in the absence of vitamin K or when 
its absorption from the intestine is defective. The presence of bile in 
the intestine is necessary for the absorption of vitamin K. There¬ 
fore when bile is excluded from the intestine by ligation of the bile 
duct, biliary fistula, or obstructive jaundice, failure of absorption of 
vitamin K occurs and a tendency to bleed develops. This happens even 
though there is ample vitamin K in the diet. In liver damage bleeding 
may develop. For the relation of vitamin K to sweet-clover disease, see 
p. 58. 

Vitamin K can be formed by bacterial action in the intestine of 
many animals and in the rumen (McElroy and Goss). This fact, to¬ 
gether with the rather wide distribution of the vitamin in foods, indi¬ 
cates that avitaminosis K is not an important practical problem in the 
feeding of animals. Vitamin K is the subject of a review by Almquist 
(1941). 

Thiamine: Ruminal and Intestinal Synthesis of B-Vitamins. 
Thiamine is also known as vitamin B,. Its chemical identity is known 
and it is now available synthetically in large quantity. Brewer’s yeast 
is a very rich source of thiamine. It is abundant in seed germs and 
coats and is present in fair amounts in the leaves of plants. Good hay 
contains significant amounts. Egg yolk, heart, liver, and kidney are 
important sources. Milk is not a rich source of thiamine. 

Thiamine, along with other B-vitamins, occurs in all living cells, 
where it is required in the metabolic processes. Since animals are un¬ 
able to synthesize thiamine, it must be present as a part of the diet 
of all species unless there is bacterial synthesis of the vitamin in the 
alimentary canal. 

Ruminants do not require thiamine in the food, for this vitamin and 
other members of the B-group are synthesized in the rumen. This has 
been amply demonstrated by the work of a number of investigators. 
The question has frequently arisen as to whether young ruminants 
require a dietary source of thiamine and the other B-vitamins. Until 
the rumen develops and bacterial action becomes well established, a 
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dietary source of the B-vitamins is required. In general, it may be said 
that after the calf is about two months old rumen synthesis of the 
B-vitamins is satisfactory. Should conditions occur under which the 
substrate in the rumen is unsatisfactory for bacterial growth, it is 
probable that an outside source of the B-vitamins would again be 
required. This might be true in animals receiving an improperly 
balanced ration and in sick animals. Little precise information on this 
point is available. 

The B-vitamins are synthesized in the intestine of the horse, par¬ 
ticularly in the cecum and colon, but the absorption of most of them 
is not adequate to meet the needs of the animal (Carroll and co¬ 
workers). Evidently the ruminant is better able than the horse to absorb 
synthesized vitamins from the digestive tract. It is probable, also, that 
synthesis is quantitatively greater in the digestive tract of the rumi¬ 
nant. Some intestinal synthesis of thiamine and other B-vitamins 
occurs in other animals. For a general discussion of intestinal synthesis 
of vitamins, reference may be made to the article by Kon and Porter. 

Thiamine functions as a catalyst in the metabolic processes. After 
undergoing phosphorylation in the cells, it becomes a coenzyme, which 
unites with a specific protein to form the enzyme carboxylase. This 
enzyme is concerned with the metabolism of keto acids, particularly 
the oxidation of pyruvic acid. 

In man the disease beriberi is caused by a deficiency of thiamine 
and possibly other factors in the diet. It is characterized by degenera¬ 
tive changes in the nervous system. In birds the disease polyneuritis 
is caused by a lack of thiamine. There are loss of appetite, emacia¬ 
tion, and disorders of the central nervous system. Convulsions, paralj- 
sis, and death occur unless thiamine or thiamine-containing foods are 
given. In dogs there is lack of appetite, poor growth, muscular weak¬ 
ness, and polyneuritis characterized by nerve degeneration, ataxia, 
and paralysis. In pigs thiamine deficiency results in loss of appetite, 
vomiting, respiratory difficulties, and great weakness. Bradycardia is 
usually present and acute cardiac failure may terminate the condition. 
Electrocardiographic changes, attributable at least in part to vagus 
overaction, are seen. The underlying metabolic disturbance in thiamine 
deficiency is believed to account for the functional changes in the hear 
No neurological signs nor degenerative changes in the nervous svs 
tern are evident in thiamine deficiency of the pig (Wintrobe an 
co-workers, 1942, 1943a). In foxes the condition known as Chaste 
paralysis is essentially a thiamine deficiency. Foxes fed uncoo'e ® 
develop the condition because an enzyme in the fish, thiaminase, ^ 
stroys thiamine in the digestive tract. The condition can be proven 



MINERALS AND VITAMINS 


679 


cr cured by adding thiamine to the diet. The bracken fern contains 
a thiaminase, the action of which is responsible for bracken poisoning 
in animals. These thiaminases are instances of antivitamins. 

Owing to the widespread presence of thiamine in common foods 
and to the synthesis of thiamine in the rumen, thiamine deficiency is 
ordinarily no problem in the feeding of farm animals including poultry. 
In the human diet thiamine is likely to be deficient. 

Riboflavin. This vitamin, known also as vitamin B 2 or G, consists 
of a ribose sugar combined with flavin. The compound has been pre¬ 
pared synthetically. Riboflavin is abundant in milk, egg white, liver, 
and green leaves. Heart, pancreas, muscle, kidney, brain, and other 
organs contain it. It is present in grains and legumes. It is destroyed 
by oxidation and light. 

Riboflavin is required in the metabolic processes of all animals. 
It is not, however, a dietary requirement in ruminants, for in these 
animals the vitamin is synthesized by bacterial action in the rumen. 
Experiments indicate that intestinal synthesis is not adequate to meet 
the horse’s requirement for this vitamin and that a dietary source is 
necessary (Pearson and co-workers). 

Riboflavin is concerned in the physiological oxidations. It is re¬ 
quired as the coenzymes in the formation of flavoproteins. These are 
enzymes that function as hydrogen carriers in metabolism. 

A lack of riboflavin in chicks results in failure to grow, paralysis, 
and death. Poor hatchability and high mortality of the embryo are 
seen in mature chickens. Dogs fed diets lacking in riboflavin collapse 
and suddenly die in 6 to 8 weeks (Axelrod and co-workers). Ribo¬ 
flavin deficiency in pigs is characterized by slow growth, a crippled 
condition, corneal and lens opacities, norinocytic anemia, changes in 
hair, skin, and hoofs, collapse and death. 

A deficiency of riboflavin in the diets of animals under practical 
conditions is not known to occur. There is some evidence that riboflavin 
deficiency may be concerned in periodic ophthalmia in horses (Jones, 
Maurer, and Roby). Since ruminants synthesize riboflavin in the 
rumen, the vitamin need not be considered in the practical feeding of 
these animals. 

Nicotinic Acid (Niacin). Nicotinic acid or nicotinic acid amide 
(also compounds capable of yielding these substances in the body) 
functions as a vitamin, being required for the growth and functioning 
of all the cells of higher animals. It is present in many foods of animal 
and plant origin. 

It has been shown that the fowl, dog, fox, cat, pig, monkey, and man 
require niacin in the diet and develop deficiency signs when it is lacking. 
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Nicotinic acid amide (nicotinamide) is necessary for the synthesis 
of coenzyme I and coenzyme II, which are dehydrogenases. 

In the dog nicotinic acid is effective in preventing and curing the 
deficiency disease known as blacktongue. This was first shown by 
Elvehjem and co-workers. Other investigators have confirmed their 
findings. Blacktongue has long been recognized in dogs, especially in 
the South. Some of the manifestations of the disease are lack of appe¬ 
tite, loss of weight, reddening and ulceration of the mucous membrane 
of the mouth and tongue, diarrhea, and death. A deficiency disease of 
cats has been described which responds to the administration of nico¬ 
tinic acid (Heath, MacQueen, and Spies). 

Swine require nicotinic acid in the diet. Nicotinic acid deficiency 
has been reported in pigs under farm conditions (Madison, Miller, 
and Keith). 

Ruminants can synthesize nicotinic acid in the rumen. 

Nicotinic acid is synthesized in the body of the horse and is there¬ 
fore not required in the diet (Pearson and Luccke). 

Lack of niacin in the diet of man causes pellagra. 

Recent work shows that nicotinic acid can be formed from trypto¬ 
phan within the body. This conversion has been demonstrated to occur 
in a number of animals including poultry. However, evidence has been 
obtained which suggests that the cat is unable to make the conversion. 

Vitamin B c . This vitamin occurs naturally in three forms: py rl " 
doxine, pyridoxal, and pyridoxamine. These substances are readi y 
interconvertible in the metabolic processes. Vitamin B fl is found in 
yeast, lean meat, kidney, milk, molasses, legumes, cereals, wheat y 

products, and other foods. . 

Rats fed a diet lacking in vitamin B fl develop a characters ic 

dermatitis. Severe anemia and cardiac dysfunction occur in dogs on a 
pyridoxine-deficicnt diet (Street and co-workers). Chickens lac mg 
the vitamin eat little, grow slowly, and develop nervous distur ft ” re 
that may lead to convulsions and death. Turkeys show similar si#* 
in this deficiency. Pigs require vitamin B fl in the diet. Pyn 
deficient swine show severe microcytic hypochromic anemia, epi e P^ 
form convulsions, degenerative changes in the nervous system, 
fatty infiltration of the liver. Ruminants synthesize vitamin n 
rumen, but young calves on a restricted diet and cows with open ru ^ 
fistulas develop a condition in which abnormal red cells are ° l,n con _ 
the blood. Pyridoxine or yeast is effective in the treatment o f**j ong 
dition (Reid, Huffman, and Duncan). Probably under the con 
mentioned rumen synthesis of pyridoxine is inadequate. 
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Vitamin B 6 is concerned in the intermediary metabolism of amino 
acids and in fat metabolism. 

Pantothenic Acid. The chemical formula of this substance is now 
known, and it has been prepared synthetically. As the name implies, 
pantothenic acid is widely distributed in nature. It has been shown to 
be a dietary essential in a number of species, including, apparently, 
the horse. It is synthesized in the rumen. 

Pantothenic acid occurs in the body as a constituent of coenzyme 
A and is thus concerned in a large number of important metabolic 
reactions. 

In chicks pantothenic-acid deficiency results in retarded growth and 
the development of a pellagralike syndrome. At autopsy liver damage 
and changes in the spinal cord are evident. 

Pantothenic-acid deficiency in the dog has been studied (Silber;. 
In pups the appetite decreases, food intake is diminished, and growth 
retardation follows. Collapse occurs after two months. Older dogs are 
less affected by the absence of pantothenic acid from the diet. This 
may indicate a lower requirement for maintenance than for growth, 
or the utilization of stores of pantothenic acid already in the tissues, 
or synthesis in the intestine. The livers of pantothenic-acid-deficient 
dogs show an accumulation of fat. 

In young pigs pantothenic-acid deficiency results in diarrhea and 
other gastrointestinal disturbances, severe growth impairment, res¬ 
piratory signs, and an abnormal gait, associated with histological 
changes in the nervous system (Wintrobe and co-workers, 1943c). It 
has been suggested that the “goose-stepping” gait frequently seen in 
swine herds on the farm may be evidence of pantothenic-acid deficiency 
(Hughes and associates). 

Biotin. The composition of this substance is now known, and it is 
available in pure form. Knowledge of the distribution of biotin in 
nature is not exact. Yeast and liver contain large amounts, which fact 
indicates the close relationship of biotin to the other B-vitamins. Many 
other substances have been shown to contain varying amounts of 
biotin. Its universal distribution in living cells suggests that it has 
basic physiological importance, and there is evidence that it is con¬ 
cerned in carboxylation and decarboxylation reactions in the body. 

Biotin is a dietary essential for many species. It is synthesized in 
the rumen. In chicks and poults biotin deficiency is a factor in the pro¬ 
duction of perosia (p. 667). Dogs develop a progressive paralysis on 
a biotin-free diet. The condition is alleviated by biotin in small doses 
(Smith, 1945). 
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The feeding of raw egg white to experimental animals results in 
a deficiency known as egg-white injury. This is now known to be a 
biotin deficiency. A substance in egg white known as avidin combines 
with biotin in the digestive tract to form the unabsorbable avidin- 
biotin complex. Avidin is an instance of an antivitamin. Avidin is a 
protein which occurs in certain living tissues, and its affinity for biotin 
might have metabolic significance in these locations. 

Our knowledge of biotin and the avidin-biotin complex has been 


reviewed by Hertz. 

Folic Acid. This vitamin has been isolated and synthesized. The 
synthetic product has been designated as pteroylglutamic acid. Folic 
acid is widely distributed in nature. This substance, or its derivative 
known as citrovorum factor or folinic acid, is required in normal 
erythropoiesis. In this function (at least in man) there is thought to 
be an interaction between folinic acid and vitamin B 12 . In pernicious 
anemia both substances will give a favorable hematologic response, 
but only vitamin B 12 will relieve the nervous manifestations. Folic 
acid is also concerned with protein utilization in growth, in the me¬ 
tabolism of one-carbon units, and in transmethylation. Folic acid is 
required in the diet of many species, but it is synthesized in the diges¬ 
tive tract of some animals. 

Choline. This substance is generally regarded as a vitamin and it 
is sometimes placed with the B-group. Choline is required in the bod\ 
for the formation of acetylcholine and the phospholipids. Choline, me 
thionine, betaine, and other substances participate in transmethylation. 
Methionine or betaine can give a labile methyl group for the synthesis 
of choline, and the latter can contribute a methyl group for the 
tion of methionine. There is therefore some synthesis of choline m 
body, and it appears that some animals are able to meet their en ire 
need for choline in this way. Since, however, choline or a choline pre 
cursor is a dietary essential under some conditions and in some an . irn ^. ’ 
it is usually classed as a vitamin. When choline is lacking m 
metabolic processes, fat accumulates in the liver, presumably cc ^. 1 
the synthesis of lecithin cannot take place in the absence o c 10 
When choline is added to the diet, the fat accumulation d,sapp< j ign j 
A substance which prevents or cures this abnormality of fat me a ® ^ 

is said to be a lipotropic substance (p. 589). Another lipotropic su s 
is inositol, which is sometimes classed as a vitamin. It occurs m ^ 
tain phospholipids and presumably owes its lipotropic action nzV mc 
participation in their formation. It apparently is a part o e 
pancreatic amylase. 
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Choline is a dietary need for poultry. In its absence chicks and 
poults show growth retardation and perosis (p. 667). 

Puppies may develop fatal choline deficiency on a choline-free diet 
in less than three weeks. Fatty infiltration of the liver is the character¬ 
istic postmortem finding. 

Choline is a dietary essential for the rat, rabbit, and calf. Even 
though choline is a dietary requirement in some species, it is likely 
that oidinary rations supply enough. 

Vitamin B l2 . Several closely related compounds are included under 
the general term vitamin B, 2 . Because vitamin Bi 2 contains a cyano 
group joined to cobalt, it is sometimes designated as cyanocobalamine. 
Vitamin B 12 is now regarded as being identical with the extrinsic fac¬ 
tor and the antipernicious anemia factor (p. 31). This vitamin and 
folinic acid are required in erythropoiesis, and apparently there is an 
interaction between them. Cobalt deficiency in ruminants is regarded 
as being largely a vitamin-B 12 deficiency. When cobalt is absent from 
the diet, bacterial synthesis of vitamin B 12 in the rumen cannot occur. 
Apparently nonruminant herbivores depend to a large extent upon 
bacterial synthesis in their digestive tract for their supply of vitamin 
B 12i for the vitamin does not occur in significant amounts in higher 
plants. Vitamin B, 2 is the principal component of the “animal protein 
factor” (APF). 

Vitamin Bi 2 is required in the metabolism of many cells and it is 
a growth factor. Contrary to what might be expected, anemia is not a 
feature of vitamin-B 12 deficiency in experimental animals. 

Ascorbic Acid. This substance is known also as vitamin C. The 
empirical formula of ascorbic acid is C fl H b O G . It has been prepared 
synthetically. Synthetic ascorbic acid is as effective physiologically as 
the naturally occurring substance. 

Fresh fruits and fresh vegetables are the principal sources of vita¬ 
min C. In general, animal products contain little of the vitamin. Grains 
and hays do not contain it. Vitamin C is easily destroyed by oxidation 
and light. 

Absence of vitamin C from the diet produces scurvy. Man, the 
other primates, and the guinea pig are the only animals known to be 
susceptible to scurvy. The other animals arc capable of synthesizing 
ascorbic acid in their bodies, in most cases in amounts sufficient for 
their needs. Dairy cows are not dependent on a dietary source of vita¬ 
min C (Wallis; Vavich and co-workers). When kept for several years 
on experimental rations low in vitamin C, they show normal concen¬ 
trations of vitamin C in the blood plasma and milk and give off in the 
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feces, milk, and urine amounts of vitamin C far in excess of the intake. 
Evidently synthesis occurs somewhere in the body. 

The metabolism of ascorbic acid in the horse has been studied by 
Pearson, Sheybani, and Schmidt. When ascorbic acid is given by mouth 
to the horse, much of it is destroyed in the alimentary tract. 

Rasmussen, Cole, and Miller have studied the carotene, vitamin-A, 
and ascorbic acid contents of mare’s plasma. No correlation was evi¬ 
dent between ascorbic acid and plasma vitamin-A contents. 

Several reports in the literature have suggested that the synthesis of 
ascorbic acid by bovines may not always be adequate to meet their 
needs and that breeding performance and ascorbic acid content of 
blood plasma may be correlated; but results obtained by other workers 
have failed to confirm these reports. 

A relationship between ascorbic acid and periodic ophthalmia in 
horses has been suggested (Errington; Jones, Maurer, and Roby). 

An important function of ascorbic acid is to promote the formation 
and maintenance of intercellular materials. In scurvy these collagenous 
substances are lacking. The physiological mechanism whereby ascorbic 
acid aids the formation of intercellular substance is unknown (Wol- 
bach and Bessey). Ascorbic acid may also be concerned in the forma¬ 
tion of adrenal cortical steroids. A number of other possible functions 
have been suggested (Lloyd and Sinclair). 


ANTIMETABOLITES 


A metabolite is a substance which plays an essential role in meta¬ 
bolic reactions. Metabolites may be vitamins, amino acids, glucose, 
hormones, or other chemical compounds necessary in some activity o 

living cells. . ,. 

There are many structurally similar substances that exhibit 10 
logical antagonism. Usually one of a pair of antagonists is a mcta o i c 
The analogs of metabolites are structurally similar to the latter an^ 
are usually synthetic compounds, but some of them occur in na 
These substances may be designated as “structural analogs an 
istic to metabolites,” or more simply as antimetabolites, true 
analogs antagonistic to vitamins are designated as antivitamins. ^ 
antimetabolite, differing in composition from the metabolite in ^ 
minor way, will, when given to an animal, block or antagoniz 
action of the metabolite and thereby evoke signs of its ac • m j nS| 
vitamins have been prepared for most of the water-solub e vi 


and a number of antivitamins occur in nature. 
Antimetabolites are fully considered in a 


monograph by Woolley, 
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and the related subject of biological antagonisms is discussed by 
Martin. 

ANTIBIOTICS AS GROWTH STIMULANTS 

Research work in recent years has shown that the feeding of anti¬ 
biotics can act to increase the growth rate of animals, and this fact 
was not long in finding practical application in animal nutrition. 
Growth responses to the feeding of antibiotics have been observed 
chiefly in poultry', turkeys, and swine, but studies on young calves 
before rumen development has occurred have shown similar growth 
rate increases. The evidence indicates that antibiotics increase growth 
by their action on the bacteria of the digestive tract. Following are 
possible ways in which this effect may be accomplished (Stokstad): 
(1) increased bacterial synthesis of factors favorable or essential to 
growth; (2) inhibition of bacteria that act as competitors with the 
host for essential dietary factors; (3) inhibition of pathogenic or harm¬ 
ful microflora. Probably the last suggestion accounts for most of the 
favorable effects. The subject of antibiotics in animal nutrition has 
recently been reviewed by Stokstad. 
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Muscular Activity and the Nervous System 




Chapter XXVIII 


MUSCULAR ACTIVITY 


T HE muscles of the body are divisible into three kinds: skeletal, 
smooth, and cardiac. Skeletal muscle is incapable of independent 
action; it reacts only when stimulated. Cardiac and most smooth mus¬ 
cles, on the contrary, display automatic or independent activity. There 
is a kind of smooth muscle that is activated not automatically but by 
motor nerves. Examples are the musculature of the blood vessels and 
the nictitating membrane (Bozler). 

SKELETAL MUSCLE 

Structure. Skeletal muscle consists of numerous individual fibers 
held together by connective tissue. Each fiber contains a number of 
nuclei and is believed therefore to represent the union of many myo¬ 
blasts. The skeletal muscle fiber is composed essentially of fibrils, 
known as sarcostyles, surrounded by a fluid sarcoplasm. The sarco- 
styles, the contractile elements in the fiber, show peculiar cross-stria- 
tions, the physiological significance of which is not known. That the 
structures responsible for the cross-striated appearance are not an all- 
important part of the contractile apparatus is indicated by their ab¬ 
sence in certain kinds of muscle. The sarcolemma is a tough, semi- 
permeable membrane surrounding the muscle fiber. The nuclei of the 
fiber arc situated at irregular intervals just under the sarcolemma. The 
motor nerve fiber of a muscle fiber pierces the sarcolemma and ends 
just beneath it in a peculiar structure known as the motor end-plate. 
Muscle is endowed with a rich blood supply, the capillaries running in 
the spaces between the fibers but not entering the fibers. There is a 
remarkable constancy in the appearance of striated muscle in all 
vertebrates. The structural changes occurring in striated muscle during 
contraction are discussed in a review by Jordan. 

Contraction of Muscle. Coincident with contraction, muscle dis¬ 
plays certain mechanical, electrical, chemical, and thermal changes. 
Much of our fundamental knowledge of the physiology of striated 
muscle has been obtained from studies on isolated frog muscles. There 
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is good reason to believe that many of the facts so obtained apply 
equally well to muscle contraction in the intact animal, cold blooded 
and warm blooded. 

Mechanical and Related Features. When a muscle is stimulated 
with a single electric shock (for example, induction shock, condenser 
discharge) of sufficient intensity (voltage), it responds with a contrac¬ 
tion known as the simple twitch. Muscular contractions as they occur 
in the intact animal are seldom single twitches. Nevertheless they are 
undoubtedly composed of twitches which are fused together to form 



Fia. 164.—An arrangement of simple apparatus for recording isotonic contraction- 
of skeletal muscle. The moist chamber (M.C.) contains the muscle and a plcc po 
of cotton saturated with salt solution. This maintains a moist atmosphere an so 
prevents drying out of the muscle. The muscle is attached by a thread to »e 
lever L. The spring myograph M carries a plate P, which during an cxperinien^ 
is covered with smoked paper and is placed in contact with the writing poi 
the muscle lever. The plate is then shot, by means of a spring and trigger, ro^ 
one side of the myograph to the other. As it travels across, it trips the e ' 
which breaks the primary circuit of the inductorium I. Thereupon an electromo ^ 
force is induced in the secondary coil, and the muscle, into which the electro' ^ 

the secondary circuit are inserted, contracts. The lever is raised and a curve ' 
on the paper. A time record is made with the tuning fork T. A signal nia ® ne , Q jy 
be placed in the primary circuit. During the isolation of the muscle fromtj^ulation 
its nerve may be saved, and the muscle may be made to contract y s i 
of the nerve instead of by direct stimulation. 

smooth contractions. The twitch is therefore regarded as the fun 

mental activity of the muscle fiber. . 

a. Isotonic Contraction. If one end of a muscle, for examp e *^ a 
gastrocnemius of a frog, is fixed and the other end is attac c 
light lever and the muscle is stimulated, it will contract an ra> ^ 
lever. A muscle contraction of this kind is said to be wo j D 

muscle actually shortens, under a constant load, and docs 
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the accompanying illustration (Fig. 164) is shown an arrangement of 
apparatus by means of which the isotonic twitch may be recorded. 
The apparatus consists of a moist chamber, in which the muscle is 
fixed; a lever, to which one end of the muscle is attached; a myograph, 
for recording the contraction; and an inductorium, whose secondary 
coil is connected with electrodes in contact with the muscle and whose 
primary coil is in circuit with a dry cell. Instead of applying the 
electrodes directly to the muscle, they may be applied to its nerve, 



Fig. 165.—Isotonic twitch; gastrocnemius muscle of a frog. 

AB, latent period; BC, period of contraction; CD, period 
of relaxation. Although muscle contractions as they 
occur in the body are seldom single twitches, they are 
composed of twitches fused together in some manner. 

which is spared when the muscle is isolated from the body. Such a 
combination of nerve and muscle is known as a nerve-muscle prepara¬ 
tion. 

A curve of the isotonic twitch, made by mechanical recording as 
just indicated, is shown in Fig. 165. Examination of this curve shows 
that it is composed of three main parts: the latent period (AB), the 
period of contraction (BC), and the period of relaxation (CD). The 
latent period is the time elapsing from the application of the stimulus 
to the beginning of contraction. As usually recorded in the isolated 
gastrocnemius muscle of the frog, it equals about 0.01 sec. When meth¬ 
ods of recording are used in which the muscle does not have to raise 
a ponderous lever, it is found that the latent period is much shorter 
than the figure just given and is less than 0.001 sec. In the intact ani¬ 
mal, however, these very short latent periods are not found, for the 
muscles have to move the relatively massive bony levers of low 
efficiency. The duration of the period of contraction is about 0.04 sec.; 
the period of relaxation, 0.05 sec. or less. 

During contraction muscle becomes shorter and thicker and under¬ 
goes a slight reduction in volume. (This decrease in volume is not 
evident when observations are made by placing the muscle in a simple 
volumometer.) The slight constriction of volume is thought to be 
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caused by mechanical compression, for internal pressures of 100 to 
300 mm. Ilg have been demonstrated in muscle during contraction 
(Hill). Pressures of this magnitude obviously would interfere tempo¬ 
rarily with blood flow in the muscle. During relaxation the volume 
change reverses. 

The isotonic twitch is affected by a number of factors such as fa¬ 
tigue, load, temperature, and drugs. The effect of fatigue is shown 
graphically in Fig. 166. As fatigue comes on, it is evident that impor¬ 
tant. changes in the form of the curve take place: the latent period is 



Fin. 166.—Effect of fatigrie on the isotonic twitch. The muscle 
was stimulated repeatedly, but only every hundredth contraction 
was recorded. Note the lengthening of the latent and relaxation 
periods and the shortening of the height of contraction. 


increased in length, the height of contraction is lessened, and the period 
of relaxation is greatly prolonged. If such a fatigued muscle is allow e( 
to rest, some recovery occurs, which indicates that the removal o 
fatigue products is possible, at least to some extent, in a muscle with 
out blood supply. Accumulation of lactic acid in muscle is one of tuc 
causes of its fatigue. Other factors are the using up of energy-producing 
materials and the failure of repolarization of the surface membranes o 


the muscle cells. . 

The effect of load is shown in Fig. 167. As load is incrcasec , ^ 

height of the contraction is decreased and the periods of contrac i 
and relaxation become altered in form. The amount of work done 
each contraction may be calculated by multiplying the weight 1 ^ 

(force) by the distance through which it was lifted. In dctermina^ ^ 
of the distance from the tracing the magnification of the lc'or mu 


taken into account. . te jy 

The changes underlying the contraction of muscle are u ^ 
chemical and are definitely affected by variations in tempera ur ’ • ^ 

chemical changes approximately follow van’t Hoffs law, a ^ or 
which the velocity of a chemical reaction increases two to Hortens 
for a temperature increase of 10°C. An increase of temperature s 
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the latent and contraction periods. The gradient of the contraction is 
increased and the height usually decreased. The relaxation is little 
affected, either as to duration or gradient. A decrease of temperature 
has the opposite effect on the latent and contraction periods and pro¬ 
longs the relaxation. There is a maximum temperature for muscle con¬ 
traction beyond which irreversible changes take place in the proto¬ 
plasm. For frog muscle the maximum temperature is a little above 
40°C.; for mammalian muscle it is a few degrees higher. There is a 
minimum temperature for muscle contraction, below which the muscle 



Fig. 1G7. —Effect of load on the isotonic twitch. The first 
record (0) was taken with a nonloaded lever. Thereafter 
weights were added to the lever as indicated by the figures 
(grains) on the curves. 

fails to respond to stimulation; but the loss of irritability is reversible 
unless the exposure to the low temperature is prolonged. The minimum 
temperature is near zero. 

b. Isometric Contraction. If a muscle when stimulated is made to 
pull against an immovable object, the resulting contraction is said to 
be isometric. The muscle develops tension but it does not shorten and 
therefore does no work, all the energy of its contraction appearing as 
heat. In efforts to determine the course of thermal and electrical 
changes in muscle, studies of the isometric twitch have been of great 
value. If it is desired to make a graphic record of the isometric con¬ 
traction, some form of isometric lever or myograph is employed. An 
optical isometric myograph may be made out of a stiff spring to which 
the muscle is attached. When the muscle contracts, it shortens slightly, 
the spring is bent or twisted, depending on the type of spring and how 
the muscle is attached to it, and the slight movement is recorded by 
optical projection onto a photokymograph. A mirror attached to the 
lever may be used to project a band of light transmitted to it, or a hair 
attached to the lever may be projected as a shadow. 

The muscle may be attached to a strain gage or a crystal pickup, 
and the tension developed during isometric contraction may be con¬ 
verted into electrical variations. These are recorded by appropriate 
means. v 
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A single shock applied to a muscle or its nerve will cause the 
muscle to make a single twitch (Fig. 165, 168). Repetitive stimuli, 
if theii frequency is high enough, will cause the twitches to merge 
into smooth contractions that last for the duration of the stimulation 
(Fig. 169). Stimuli of intermediate frequencies will cause more or less 
complete fusion of the twitches, depending upon the rate of stimu¬ 
lation. The contraction in which there is complete fusion of twitches 
is referred to as complete tetanus, that in which there is only partial 
fusion as incomplete tetanus. In studies of the fusion of twitches, 



1932.) 

isometric recording gives better results than isotonic recording, for ^ 
the latter method there is the problem of the heavy lever of low na ur 

frequency. *• n is 

c. Muscle Contractions in Intact Animals. Isotonic contrac 10 ^ 

characterized by tension during shortening, raising of a loa , an .^_ 

doing of work. Isometric contraction is characterized hy tension ^ 

out shortening an' 1 therefore by failure to do work. In ad ition, m 

may produce tension during lengthening and the lowering o a 

thus do negative work. The energy output here is complete y 

to heat. rtions of 

In the normal animal it is evident that many of the con rft ft ] s0 

skeletal muscle are isotonic in type. Isometric contrac loa heavy 

occur, as when muscular effort is exerted against a fixe or v* ^ . g 

object or when skeletal muscle is in a state of tonus (P- 
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equally evident that tension (contraction) during lengthening and 
negative work are normal features of muscle contraction. It has been 
pointed out by several workers that the usual division of muscle con¬ 
traction into isotonic and isometric is inadequate; tension during 
lengthening is also a kind of muscle action. The cost of negative work, 
in terms of oxygen consumption, is less than that of positive work. 
Some research results indicate that it is only one-third to one-ninth 
the cost of positive work. 

d. All-or-None Principle. If a muscle is stimulated with a series 



Fio. 169.—Tetanic contraction of extensor digitorum longus elicited by stimula¬ 
tion of its motor nerve: m, isometric mechanical responses; e, electrical changes. 
Optical recording. Note that fusion of the mechanical responses is nearly complete. 
The discreteness of the electrical responses is plainly seen. Rate of stimulation, 67 
shocks per second. (From Creed, Denny-Brown, Eccles, Liddell, and Sherrington, 
lie flex Activity of the Spinal Cord, Oxford University Press, 1932.) 

of single shocks of increasing intensity, it is found that the contractions 
become greater with increases in the strength of the stimulus. There 
comes a time, however, when further augmentation of the stimulus 
causes no greater responses; the muscle is undergoing maximal con¬ 
traction. The weakest contraction of which a muscle is capable is the 
minimal contraction, and a stimulus that evokes such a contraction is 
designated as a minimal stimulus. Contractions and stimuli of inter¬ 
vening strengths are known as submaximal. Stimuli too weak to evoke 
a response are said to be subminimal. 

Cardiac muscle and also nerve have been shown to obey what is 
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called the all-or-none principle. This means that when these tissues re¬ 
spond at all to a stimulus, they respond maximally. What was said 
above about the graded response of skeletal muscle to stimulation, 
and everyday practical experience with one’s own skeletal muscles, 
might appear to exclude the possibility that this tissue obeys the all- 
or-none law. However, under the conditions of stimulation and excita¬ 
tion as they occur in the body, the all-or-none law applies insofar as 
the contraction of the individual fibers is concerned. Under certain 
experimental conditions not seen in the intact organism, it is possible 
to demonstrate a graded response of the skeletal muscle fiber. 

Since under normal conditions the response of the skeletal muscle 
fibers is all or none and the response of the skeletal muscle as a whole 
is obviously capable of gradations, it follows that some mechanism 
must exist which permits graded response in spite of an all-or-none 
response of the individual contractile elements. 

e. Innervation Ratio and Motor Unit. Every motor nerve fiber to 
a skeletal muscle supplies more than one muscle fiber. This is accom¬ 
plished by branching of the nerve fiber. The ratio of the number of 
motor nerve fibers supplying a skeletal muscle to the number of muscle 
fibers is known as the innervation ratio. This is for the soleus of the 
cat 1:120 and for the extensor longus digitorum 1:165 (Clark). There 
is evidence that the faster the intrinsic contraction rate of the muscle 
the lower is the innervation ratio, that is, the smaller is the number of 
muscle fibers supplied by one motor nerve fiber. A motor neuron, in¬ 
cluding its cell body in the central nervous system, and all the muscle 
fibers which it innervates are a motor unit. 

/. Graded Response of Skeletal Muscle. That the strength of con¬ 
traction of skeletal muscles, that is, the tension they are capable o 
developing, may be graded in the normal animal is a familiar fact. 

A good deal of information is now available as to how this gradation 
is accomplished. The evidence is derived from studies on the isolate 
nerve-muscle preparation, on single motor units isolated by severa 

delicate technics, and on intact subjects. 

One way whereby graded responses (augmented contractions) are 
brought about is by increasing the frequency of the nerve impulsei iu 
the nerve fibers supplying the different muscle fibers by increasing, 
rate of firing of the neurons. With increasing frequency of nerve 
pulses, the muscle fibers develop increased tension. At first the ac 1 
fibers may show discrete twitches, then incomplete tetanus, and, 
if the frequency of the nerve impulses is great enough, C ° rn ^j 1 | c i J 
tetanus. Experimental evidence indicates that those muse es w 
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show twitches of very short duration may require several hundred 
stimuli per second to cause complete tetanus, whereas those that show 
twitches of long duration may require as few as 30 stimuli per second. 
Other muscles show intermediate fusion frequencies. Pale muscle is 
fast, red muscle is slow. During muscle contraction in the intact ani¬ 
mal the maximal frequency of nerve impulses that can be attained 
in the motor nerve fibers is somewhat less than 100 impulses per second. 
During contraction of muscle under normal conditions the frequencies 
of the nerve impulses in the nerve fibers of the various motor units are 
not the same. The completeness of fusion of the twitches of the muscle 
fibers of the different units is therefore not the same and the tensions 
that develop likewise differ. 

Another way whereby increased contraction of skeletal muscle can 
be brought about is by recruitment, or bringing into activity, of addi¬ 
tional motor units. With increasing numbers of functioning motor units, 
the tension developed by the muscle also increases. As noted above, the 
frequency of impulse transmission in the nerve fibers of the different 
active motor units is not the same. Some arc conducting at low fre¬ 
quencies, others at intermediate frequencies, and still others at high 
rates. Since the various motor units are out of phase with one another, 
the resulting muscle contraction is smooth even though the muscle 
fibers are being stimulated at frequencies too low to cause complete 
fusion of their contractions. 

Electrical Responses. If two points on the surface of a muscle, 
nerve, or other protoplasmic mass are connected by means of electrodes 
and wires to a sensitive galvanometer or other suitable electrical detec¬ 
tor, the instrument shows no potential difference. All parts of the 
surface are in the isoelectric state, that is, are at the same electrical 
potential. As noted elsewhere (p. 95), it is now generally recognized 
that cell membranes are semipermeable and that during rest they are 
polarized, with postively charged ions or radicals on the outer surface 
of the membrane and negatively charged ones on the inner surface. 
If a point on the surface of the tissue is stimulated, the permeability 
of the surface at that point is increased, depolarization occurs, and a 
wave of increased permeability and depolarization passes in both direc¬ 
tions from the point of stimulation. As the wave travels, it passes under 
the electrodes and gives rise to two deflections, opposite in sign, of the 
galvanometer or other detector. A record of the diphasic spike potential 
may be made. The first deflection occurs when the wave of electrical 
change passes under the first electrode, this region now being negative 
to the unstimulated (positive) part of the tissue. The second deflection 
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occurs when the wave passes under the second electrode (Fig. 170). 
Following the transmission of the wave of depolarization, a wave of 
repolarization passes along. 

When an isolated muscle or nerve is injured at one end, this point 
becomes depolarized and electrically negative to the rest of the tissue. 
If the injured and uninjured portions are now connected through a 
galvanometer, a potential difference between the two parts will be 




fihpr 

Fio. 170.—Diagrams to show the passage of an electrical change along a 
(muscle or nerve). The negative charges inside the fiber are not shown. . 

A. The stimulus is applied, but the electrical change has not yet reac 
either electrode, so that zero potential is shown by the galvanometer. 

B. The electrical change has reached the first electrode, and potentia 


ence is shown. 

C. The electrical change is between the electrodes, and zero 
evident. 

D. The electrical change has just passed the second electrode, 


potential is « 8 ain 
and the potential 


is returning to zero. .. The fina J 

The diagrams at the right show the movements of the galvanornc • , raclt ’ on 
record is that of a diphasic spike potential. (From Fulton, Muscuar 1926 .) 
and the Reflex Control of Movement, The Williams and Wilkins Compa y. 
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evident. This is the injury, or demarcation, potential. The injury acts 
like a stimulus in that it causes the injured part to become depolarized, 
in which state it is negative to the surface of the rest of the tissue. 
If the uninjured end of the tissue is now stimulated, an electrical 
change is set up, which, passing under the proximal electrode, will 
cause a momentary disappearance, or negative variation, of the injury 
potential. The potential change will not reach the second electrode be¬ 
cause conduction is interrupted by the injured region. Thus a mono- 
phasic spike potential can be recorded. 

Experiments made in an effort to correlate the electrical and me¬ 
chanical responses of muscle show that the former response precedes 
the latter, though by a very brief interval (Fig. 168). It is also found 
that the electrical response is invariably followed by a mechanical re¬ 
sponse, and the opposite is probably also true—that the mechanical re¬ 
sponse cannot occur when the electrical response is absent. Since all 
kinds of excitable tissue show an electrical change when in action, the 
electrical change that accompanies muscular activity is not a peculiar 
property of muscle. 

Transmission at the Neuromuscular Junction. The nerve impulses 
(p. 716) reaching the nerve terminations in the muscle encounter a 
neuromuscular junction having the properties of a synapse. The inti¬ 
mate nature of transmission of excitation across the junctional tissue 
is far from clear, and it has been much debated whether electrical or 
chemical changes account for the transmission. It now appears that 
an electrochemical process is involved in that the nerve impulse causes 
the liberation of acetylcholine at the junction. The acetylcholine then 
causes depolarization of the motor end-plate, and a local end-plate 
potential is set up. This in turn depolarizes the muscle fiber, and a 
transmitted muscle impulse, or muscle spike potential, passes along 
the surface of the fiber. The muscle impulse, a surface disturbance, 
causes contraction in the interior of the fiber, but the way in which 
the two events—excitation and contraction--are coupled is quite un¬ 
known. It involves an explosive release of energy from the high-energy 
compound ATP, as will be seen later (p. 708). This energy is then 
transferred to the contractile mechanism. 

Acetylcholine released at the junctional tissue is destroyed (de- 
acetylated) by a tissue enzyme, cholinesterase. Thus it is prevented 
from overacting. The drug curare blocks transmission (partially or 
completely, depending on the dose) at the junctional tissue by pre¬ 
venting the depolarizing action of acetylcholine. Certain drugs inhibit 
cholinesterase and thereby prolong the action of acetylcholine. They 
therefore have an acetylcholinelike effect. Examples of these anticholin- 
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esterases are eserine (physostigmine), prostigmine, and di-isopropyl 
fluorophosphate (DFP). 

Chronaxie. As different tissues vary a great deal in excitability, 
it is desirable to have.some common basis for the comparison of excita- 
bilities. One way in which comparison may be made is by a determina¬ 
tion of the latent period. Another way is by finding the threshold (mini¬ 
mum) strength of stimulus necessary to excite in an indefinite time. 
Still another way to express the excitability of a tissue quantitatively 
is in terms of duration of effective stimulus. Such a measure of irritabil¬ 
ity is known as the chronaxie, which may be defined as the shortest 
duration of twice the threshold, or rheobasic, strength of current neces¬ 
sary to excite. The chronaxie of certain muscles is as follows: frog’s 


gastrocnemius 0.3 msec., frog’s rectus abdominis 0.9 msec., frog’s ven¬ 
tricle 3.5 msec., frog’s stomach 30 to 100 msec. In general, the more 
excitable tissues have a shorter chronaxie. The subject of chronaxie 
has been critically reviewed by Davis and Forbes. 

Chemical Changes and Energy Exchanges. The chemical changes 
and energy exchanges of skeletal muscle have been extensively studied 
in recent years. In these researches use has been made of isolated 
skeletal muscles of frogs, of mammalian muscles having an adequate 
blood supply, of the enzyme systems present in muscle extracts, and 
other technics. 

The ultimate source of the energy for muscle contraction is oxi¬ 
dation, but it is generally accepted that contraction is not directly de¬ 


pendent upon oxidation. It is caused by energy derived from a non- 
oxidative source, but this energy is restored by reactions depending 
on oxidation. Muscle may be compared to a wound-up spring. Trip 
the catch and a large release of energy occurs, but the spring has to 
be rewound by energy derived from oxidation. Accordingly muscle is 


able to release energy more quickly than would be possible by concur¬ 
rent oxidation. The survival value of an explosive release of a large 
amount of energy, not immediately dependent upon oxidation, a 
of the quick muscular contraction resulting therefrom is obvious. 

The following summary and Fig. 171 indicate the main chemica 
changes and energy exchanges associated with contraction. Adenosine 
triphosphate (ATP), a nucleotide occurring in muscle, breaks own 
into adenosine diphosphate (ADP) and inorganic phosphate. * 
reaction supplies the energy for contraction. ADP reacts with crea i 
phosphate (CP) to form ATP and creatine. In the recovery p 
following contraction ATP is also regenerated from ADP by 
derived by oxidation via the tricarboxylic acid cycle (p. 525). 
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concentration of ATP rises, more CP is formed by reaction with 
creatine. Thus in the muscle following recovery there are good con¬ 
centrations of both ATP and CP. 

Under ordinary conditions aerobic release of energy in muscle pro¬ 
ceeds rapidly enough to maintain an adequate supply of ATP. In 
severe work, however, the demand for ATP is greater than can be 
supplied by aerobic reactions. Under these conditions muscle glycogen 
is converted anaerobically to lactic acid (glycolysis, p. 524), and 



Fio. 171.—The generation of the high-energy phosphates ATP and CP and their 
utilization for muscle contraction (and other protoplasmic activity). For the sig¬ 
nificance of active acetate, not shown in this diagram, see p. 594. (From West and 
Todd, Textbook of Biochemistry; by permission of The Macmillan Company.) 

energy so released is used to form ATP. Lactic acid accumulates in 
the muscle and enters the blood. Exhaustion of the muscle is accom¬ 
panied by depletion of ATP, CP, and glycogen and the accumulation 
of lactic acid. When the blood and oxygen supplies of the muscle are 
again adequate, lactic acid is converted to pyruvic acid, and this 
enters the tricarboxylic acid cycle for oxidation to C0 2 and H 2 0. The 
glycogen supply is restored and CP and ATP are regenerated. 

It is evident from this summary that the immediate source of the 
energy for muscle contraction is ATP. The energy of this compound, 
as well as that of the reservoir substance CP, is associated with phos- 
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phate linkages. It is referred to as phosphate-bond energy, and the 
compounds are designated as high-energy phosphates. 

It is an old question as to how chemical energy is converted into 
mechanical energy in muscle contraction. The details are unknown, 
but the evidence indicates that the contractile fibrils are made up of 
two proteins, actin and myosin, united in a compound known as acto- 
myosin. This substance in some way receives the energy liberated by 
ATP and undergoes a molecular rearrangement which results in either 
shortening or lengthening. It is at present uncertain whether contrac¬ 
tion is the active process with energy coupling occurring during this 
phase or whether relaxation is the active phase, with contraction re¬ 
sulting passively following the breakdown of an ATP-actomyosin 
complex. 

Carbohydrate is the preferential fuel of muscle. There is no doubt, 
however, that fatty acids and amino acids, after preliminary metabolic 
changes in the liver, can enter the tricarboxylic acid cycle for oxida¬ 
tion in muscle and other cells (Fig. 171). Although energy transforma¬ 
tions have been studied more fully in skeletal muscle than elsewhere 
in the organism, there is increasing evidence that the same basic mecha¬ 
nisms are employed in secretion, absorption, conduction, synthesis, and 
other energy exchanges. So far as brain is concerned, carbohydrate 
is the exclusive fuel, and most of the energy of brain is derived 
aerobically. 

In connection with the foregoing summary the discussions on physi¬ 
ological oxidations (p. 268) and the pertinent parts of the chapters on 
intermediary metabolism should be studied. For further details other 
sources should be consulted. 


Oxygen Debt. Anaerobic contraction allows muscle to develop an 
oxygen debt, which under conditions of intense activity may be very 
great. Thus, according to Brody, horses and men may, during very m 
tense muscular work, expend energy at 100 times the resting rate, uc 
activity cannot be long maintained because of the onset of fatigue- 
After such an output of energy the oxygen debt must be paid y 
oxidative removal of lactic acid. An expenditure of energy 
as great as during rest may be shown during prolonged har 
Under these conditions oxidation keeps pace with energy expen i u ^ 
Thermal Changes. It is a familiar fact that muscular contrac 
accompanied by increased heat production. The thermal c 
curring in muscle have been measured by the use of thermop ^ 
highly sensitive galvanometers. The muscle may be so arrange 
when stimulated it will contract isometrically. Under these con 
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all the energy liberated appears as heat. Thus the energy that is 
ordinarily realizable as external work is transformed into heat. When 
the muscle is stimulated so as to give a brief isometric contraction, it 
is found that the evolution of heat is in five phases. The first three are 
designated as the initial heat. The last two are known as the recovery 
heat. The first outburst of heat occurs at the onset of contraction, the 
second during the maintenance of contraction (this heat is absent in 
the simple twitch), the third during relaxation, and the fourth and fifth 
during recovery. 

The heat of the first two phases—the contraction heat —is asso¬ 
ciated with the breakdown of ATP and phosphocreatine and cannot 
be used for work. In this sense it is wasted. The relaxation heat is the 
result of the degradation of tension into heat and represents the maxi¬ 
mal amount of energy that could be converted into work if the muscle 
were contracting isotonically. It may be as great as 35 per cent of the 
total initial heat. The amount of the initial heat is the same whether 
the muscle is contracting in the absence of oxygen or in the presence of 

it. 

The recovery heat in the absence of oxygen is designated as the 
delayed anaerobic heat. It is believed to represent the energy that is 
lost as heat when pyruvic acid (or lactic acid) is produced. It cannot 
be returned to the high-energy phosphates and therefore cannot be 
utilized for work. It is wasted so far as the performance of work is 
concerned. In the presence of oxygen the recovery heat is augmented 
by the oxidative heat. This represents the energy that is degraded to 
heat when pyruvic acid is oxidized; the rest of the energy goes to the 
resynthesis of ATP. 

The thermal changes occurring in muscle contraction may be sum¬ 
marized as follows: 


Initial hent 


Recovery hent 


Contraction heat 


Relaxation heat (3) 




At onset of contraction (1) 


During maintenance of contraction (2) 


Delayed anaerobic heat (4) 


Oxidative heat (5) 


Contracture. This is a prolonged, reversible contraction in which 
there is heat production and lactic acid formation but no electrical 
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responses. Contracture is usually not propagated from one part of the 
muscle to another part. The drug veratrine produces typical con¬ 
tracture. Repeated stimulation, heat, and many other chemical sub¬ 
stances including acetylcholine can cause the condition. Apparently the 
basic functional defect in contracture is prolonged depolarization of 
the muscle membrane. Repolarization results in a disappearance of 
contracture. Some pathological types of muscle contraction may be 
contracture. 

Rigor Mortis. When skeletal muscle dies, that is, when its char¬ 
acteristic reactions become irreversible, it gradually shortens and the 
animal stiffens. The muscle is said to be in a state of rigor mortis. The 
rate of development of rigor mortis is influenced by the antemortem 
condition of the animal and other factors. If the animal was fatigued, 
it develops quicker. Heat hastens and cold delays its appearance. In 
rigor profound changes take place in the muscle proteins, but the 
exact nature of the changes is not known. It was formerly thought that 
lactic acid formation and the resulting decrease in muscle pH were the 
essential factors responsible for the changes in the muscle proteins, 
but this view is not now held. Ordinarily rigor disappears in 10 to 12 
hours after its onset, but it may last for a much longer time. 


SMOOTH MUSCLE 

Smooth muscle is widely distributed in the body, being found in the 
walls of hollow organs or structures such as stomach, intestine, bladder, 
uterus, artery, vein, gland duct, and respiratory passage and in other 
locations. According to Bozler, there are two principal kinds of smoot 
muscle. One kind is composed of many units, is activated by true motor 
nerves, and in these respects is comparable to skeletal muscle. e 
musculature of the blood vessels is an example. The other is syncytia , 
shows an automatic rhythm, and in these respects resembles car iac 
muscle. The smooth muscle of the gastrointestinal tract is an examp e - 

Tonus. Most smooth muscle possesses a varying degree of 
which may be defined as its resistance to extension. Tonus of 
muscle is accompanied by only slight expenditure of energy, a n 
increased production of lactic acid in tonus is slight. There is, howev > 
probably no fundamental difference between tonus of smooth mus 

and contraction (Evans, 1926; Fischer). . 

Rhythmicity. Most smooth muscle possesses the power o s ^ 
taneous or automatic contraction. Thus a bit of intestine ^f^ e £ a j anc e 
warm, oxygenated Locke’s solution may beat for hours. The 
of evidence indicates that the spontaneous contraction o g® 
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testinal muscle is myogenic rather than neurogenic in origin. Other 
smooth muscle possessing an automatic rhythm is probably like gastro¬ 
intestinal muscle in this respect. 

Contraction. When smooth muscle is made to contract in response 
to a single stimulus, it is seen that the contraction is much slower than 
in skeletal muscle; the latent, contraction, and relaxation periods are 
all longer. 

Smooth muscle can withstand prolonged anoxia without functional 
damage. Anaerobic glycolysis can yield energy for contraction in this 
condition. The tricarboxylic acid cycle is believed to play a large part 
in the energy exchange of smooth muscle (Furchgott and Wales). A 
definite rigor seems not to occur when smooth muscle dies or is killed 
by heat, chloroform, or injury. 



Chapter XXIX 


ACTIVITY OF PERIPHERAL NERVE 


N ERVOUS tissue consists of neurons, which are supported by a 
special type of connective tissue termed neuroglia. A neuron, 
the genetic, structural, and functional basis of the nervous system, is 
a nerve cell. It consists of a cell body and all its processes, which are 
usually of two kinds: dendrites and axon. (Some neurons lack den¬ 
drites.) According to another, though less correct, usage the term nerve 
cell comprises the cell body, the dendrites, and only the proximal part 

of the axon. Nerve cell bodies are limited in location to the gray matter 

• 

of the brain and spinal cord and to the spinal, cranial, and autonomic 
ganglia. 

• • 

Dendrites are the short processes of a nerve cell. The number arising 
from a single cell may vary from one to many. Their function is to 
conduct nerve impulses to the cell body. Their structure is similar to 
that of the cell body. They terminate at no great distance from the 
cell body from which they spring and therefore do not enter into the 
formation of nerve fibers. 


NERVE FIBERS 

A nerve fiber comprises the axon and its coverings. According to a 
common usage the nerve fiber is regarded as commencing at the pom 
of emergence of the axon from the gray matter of the central nervous 
system or from a ganglion. That portion of the axon which is continue 
into the nerve fiber is sometimes designated the axis cylinder. Since an 
axon runs an unbroken course from its parent cell body to its P a 
of termination, it is evident that its length may be very great, xo^ 
terminating in the foot, for example, have their cells of origin in 
gray matter of the lower part of the spinal cord. (Nerve fibers runn jj v 
toward the periphery from the dorsal root ganglia are anatomic 
axons but physiologically dendrites.) The axon, whose structure 
well understood, is usually described as consisting of fibri s im 
in axoplasm. Although the actual existence of these fibrils in ^ 

state is questioned by some workers, recent evidence suppo 
view that they are normal structures, that is, not artifacts. 


714 
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Most axons possess coverings or sheaths. These are of two kinds, the 
myelin, or medullary, sheath and the neurilemma. The myelin sheath 
is a whitish cylindrical covering varying in thickness in different nerve 
fibers. At intervals in the course of the nerve fiber this sheath is com¬ 
pletely interrupted by circular constrictions known as the nodes of 
Ranvier. Myelin is of homogeneous structure and is nonnucleated. It 
contains a large amount of lipids, the principal ones being cephalin, 
lecithin, cholesterol, and eerebrosides. The neurilemma is a thin, deli¬ 
cate covering found outside the myelin sheath. At the nodes of Ranvier 
it touches the axon. Most of the fibers of the cranial and spinal nerves 
are myelinated and possess a neurilemma. Generally speaking, post¬ 
ganglionic sympathetic fibers are nonmyelinated but show the presence 
of the neurilemma. 

Peripheral nerve fibers are united into masses known as nerves or 
nerve trunks. 

Afferent and Efferent Nerve Fibers. According to the direction 
in which they conduct nerve impulses, peripheral nerve fibers are di¬ 
vided into two classes, afferent and efferent. Afferent nerve fibers con¬ 
duct impulses from a receptor (sense organ) to the central nervous 
system. The cells of origin of such fibers are located in the dorsal root 
ganglia of the spinal nerves and the corresponding ganglia of the 
cranial nerves. Efferent nerve fibers conduct impulses in the opposite 
direction, that is, from the central nervous system to the effector— 
muscle or gland. Their cells of origin are located in the gray matter 
of the centra) nervous system or in the ganglia of the autonomic nerv¬ 
ous system. 


STIMULI 

A stimulus is a form of energy. It is a change in the environment, 
internal or external, which will cause protoplasm to give its char¬ 
acteristic response. Stimuli may be mechanical, chemical, thermal, 
osmotic, electromagnetic, and electrical. 

Under normal conditions most of the stimuli that operate through 
the nervous system are mechanical. Examples are pressure, stretch, 
impact, prick, and sound waves. Instances of chemical stimuli are C0 2 
and H ions. Thermal stimuli are various degrees of heat or cold. 
Osmotic stimulation is seen when salt crystals are placed on the nerve 
of a nerve-muscle preparation and perhaps when drying of the buccal 
mucosa leads to the sensation of thirst. Electromagnetic stimuli are 
those wavelengths of the electromagnetic spectrum that excite retinal 
receptors. 

Although the transmitted neuromuscular excitatory process in the 
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body is electrical in nature, nevertheless electrical stimuli operating 
through receptors is not a normal mode of excitation. However, from 
the experimental standpoint, the electrical stimulus is the most com¬ 
monly used. The reasons for this are several. These stimuli are easily 
controlled in all respects, do little or no damage to protoplasm when 
used under good conditions, and give rise to an excitatory process that 
is believed to resemble closely that seen in the normal workings of 
the body. The following forms of electrical stimuli may be used: 
galvanic or constant current, induction shocks, condenser discharges, 
thyratron discharges, sinusoidal alternating current, square waves, and 
others. 

Electrical stimuli may vary as to wave form (for example, the 
wave form of a condenser discharge is not the same as that of an in¬ 
duction shock), duration, intensity, and frequency (if repetitive). Al¬ 
though current is the stimulus and intensity of stimulation is a func¬ 
tion of current strength, voltage becomes a satisfactory practical meas¬ 
ure of intensity provided that the resistance of the tissues does not 
change or that the resistance in the stimulator circuit is high com¬ 
pared to that of the tissues. 

NERVE IMPULSE 

When a nerve fiber is stimulated at or above threshold intensity, it 
manifests the phenomenon of excitation, which is followed by the prop- 
agation or transmission of a physicochemical change known as the 
nerve impulse. The nerve impulse is self-propagated. This means that 
the energy for transmission comes from the fiber over which the im¬ 
pulse travels. 

Experimentally a nerve may be stimulated anywhere in its course, 
whereupon a nerve impulse travels in both directions along the fiber. 
Under normal conditions, however, there is no provision for such stimu¬ 
lation: a nerve impulse is generated only at one end of the nerve fiber. 

In the case of afferent fibers such stimulation is effected through tie 
intermediation of the receptor, whereas in the case of efferent nerve 
fibers the stimulus arises in the cell body, usually as the result of t ie 

action of impulses from another neuron. 

When a nerve is adequately stimulated either experiments 
under normal conditions, a nerve impulse arises. In a single fiber * 
consists of a single impulse or, if the stimulus is more intense, a 
of impulses. When the entire nerve is stimulated by a single s *°. c 
suitable intensity, a single volley of impulses is transmitted, an 1 ^ 

stimulus is either repetitive or of greater intensity a series o vo 
will result. The frequency of the nerve impulses is usually between 
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anti 400 per second when the nerve fiber is stimulated directly, between 
25 and 00 when a receptor is stimulated, and between 10 and 90 when 
the motor nerve fiber is conducting (Adrian, 1930). 

The nerve impulse is believed to be qualitatively the same under all 
conditions and in all kinds of fibers, afferent and efferent, the only dif¬ 
ferences being in the frequency of the impulses, the velocity, and the 
magnitude. The frequency of the impulses increases with the intensity 
of stimulation. The velocity is constant from time to time in a given 
fiber if the conditions are the same. However, variations in velocity arc 
met with in different fibers because of differences in their cross- 
sectional area. The larger the fiber the greater is the velocity of con¬ 
duction in it. In mammalian nerve the velocity of the nerve impulse, 
in the different fibers, ranges from approximately 0.5 to 100 meters a 
second. The velocity of nerve impulses and their frequency should not 
be confused. A comparison of nerve impulses to a stream of bullets 
issuing from a machine gun may be made. The stream of bullets corre¬ 
sponds to a train of impulses in a nerve fiber. The velocity of the 
bullets is always the same, but the frequency with which they are 
discharged from the gun can be varied. The magnitude of the nerve 
impulse in a given fiber (as measured by the voltage of the spike po¬ 
tential) is also constant under normal conditions. As between different 
fibers, however, variations in magnitude of the impulse are seen. These 
differences, like velocity of transmission, are directly related to fiber 
size. 

The wave form of the nerve impulse, as indicated by the shape of 
the spike potential, varies but little. 

Decrementless Conduction and All-or-None Character. That the 
nerve impulse is some form of energy transmission, however slight, is 
clearly indicated by the fact that the effector (muscle, gland) is thrown 
into activity by the nerve impulse, that is, receives energy from the 
nerve impulse. In trying to reach some conclusion concerning the nature 
of the energy that constitutes the nerve impulse, one of the first ques¬ 
tions to be considered is whether the impulse travels along the nerve 
fiber in a passive manner much as sound waves travel in a tube or 
whether the nerve fiber contributes actively to the passage, like the 
propagation of combustion along a fuse. In the first case the nerve im¬ 
pulse would progressively diminish as it traveled, whereas in the second 
case it would suffer no decrement but might, under suitable circum¬ 
stances, even show an increase. In an effort to answer these questions 
physiologists have devised experiments in which nerve impulses are 
made to encounter regions of decreased conductivity brought about 
by the application of an anesthetic or heat or cold to the nerve. It 
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has been found that when the impulse emerges from the region of de¬ 
creased conductivity it quickly flares up to its normal level. This shows 
that the nerve impulse is not a passive phenomenon and must be re¬ 
garded as an active propagation somewhat analogous to the passage 
of combustion along a fuse. 

The fact that the nerve impulse upon emerging from a region of 
decrement resumes its former intensity signifies that it obeys the all-or- 
none law. Otherwise it would not return to its former level as soon 
as conditions became favorable. Other evidence indicates that the all- 
or-none law is valid for nerve, that is, that the response of nerve is 
always maximal regardless of variations in the strength of stimulus 
above the threshold. In other words, the nervous system cannot change 
the magnitude of the nerve impulse; nor can it alter the quality. The 
frequency of the nerve impulses is apparently the only variable that 
a given nerve fiber can conduct. The frequency depends on the intensity 
of stimulation. 


It may therefore be stated as a fundamental principle in nerve 
physiology that the nerve impulse is an actively propagated disturb¬ 
ance, that it is normally conducted without decrement, and that it 


obeys the all-or-none law. 

Changes Accompanying the Passage of the Nerve Impulse. ® 
nerve impulse being an active propagation and not a passive wave, 
follows that changes of some kind must take place in the nerve i 
as the impulse travels along. Until recent years the only accompanimen 
of the nerve impulse that was definitely proved to exist was the c cc 
trical change known as the action potential. More recently 0 
changes in nerve have been shown to occur. These include heat p 
duction, oxygen consumption, and carbon dioxide and ammonia pr 


duction. . , Ly 

Refractory Period. Nerve, like muscle, shows a refractory peno ^ ^ 

which is meant that following the passage of a nerve impulse er ^ 
short interval during which the nerve is incapable of being e 
Stimulation during this time is quite ineffective. The duration o ^ 
absolutely refractory period varies from 0.4 to 2 msec, in 1C * i ve ly 
fibers. Following the absolutely refractory period there is ft j s 

refractory period, about 10 msec, in duration, in which exci a j^ a jjji|fcy 
returning. Under some conditions this period of returning 
may be followed by one of supernormal excitability. e ^ 
nerve shows a refractory period is taken as further cvic g0ITie 

passage of the impulse is an active phenomenon wliic resl1 period, 

change in the nerve fiber that is repaired during the re rac 
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A refractory period signifies discontinuous action and indicates obedi¬ 
ence to the all-or-none law. 

The duration of the refractory period places an upper limit on the 
number of impulses that a nerve fiber can conduct in a given time. 
Under experimental conditions frequencies higher than 1000 per second 
have been recorded in some mammalian nerve fibers, and a frequency 



Flo. 172.—Diagram of cathode ray oscilloscope for studying electrical activity of 
nerve, muscle, and central nervous system. The electron beam emitted from a 
cathode strikes the fluorescent screen and forms a spot which responds to the 
electrical changes impressed upon the X and Y deflecting plates. Permanent 
records are made by photographing the movements of the spot on the fluorescent 
screen. The tissue is stimulated by discharges from the stimulator and the elec¬ 
trical changes caused by tissue activity are led to an amplifier by means of record¬ 
ing electrodes. The amplified potential changes are then impressed upon the Y 
plates to cause vertical movements of the spot. The sweep potential is rhyth¬ 
mically applied to the X plates to provide a time axis. (From Erlanger and 
Gasser, Electrical Sions of Nervous Activity, University of Pennsylvania Press 
1937.) 

of 400 impulses per second has been observed in nerves under normal 
conditions of stimulation. However, it seems likely that most nerves 
normally conduct at frequencies not greater than 100 per second. 

Electrical Change. Many kinds of protoplasm, probably all kinds, 
show an electrical change during activity. (See also pp. 95 and 705.) 
I hat active nerve displays such a change has long been recognized. 
It is an invariable accompaniment of the nerve impulse, and in nerve 
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physiology the detection of an electrical change is regarded as proof 
that a nerve impulse is passing. It is the manifestation of the passage 
of the nerve impulse that is most readily detected. The electrical change 
consists of a spike potential followed by negative and positive after¬ 
potentials. A device that was used in earlier studies of the electrical 
change is the string galvanometer. In more recent studies various 
vacuum-tube apparatus, especially the cathode ray oscillograph, have 
been used. 


By means of the cathode ray oscillograph (Fig. 172)—a mechanism 
which, unlike a galvanometer, draws no current and has practically no 
inertia—it has been shown that the spike potential is more complicated 
than the evidence from the use of the string galvanometer reveals. The 


explanation of this difference in the records obtained with the two kinds 


of detectors lies in the fact that the string galvanometer gives a com¬ 
posite picture of the spike potentials in all the nerve fibers of the 
stimulated nerve trunk, whereas the more complicated picture pre¬ 
sented by the cathode ray oscillograph is due to its ability partially 
to separate the spike potentials of different nerve fibers or groups of 
fibers. The main difference between the spike potentials of different 
fibers is in their velocity, which varies directly as the diameter of the 
nerve fiber. Depending on the velocity of their spike potentials, dif¬ 
ferent nerve fibers can be placed in several groups, and it has been 
shown that the different groups have anatomical and physiological 
significance. Three major elevations in the electrical records as made 
by the electron oscillograph are recognized (Fig. 173). The A elevations 


represent fibers with velocities ranging between 100 and 20 meters per 
second. They are the somatic myelinated fibers. The B and C elevations 


represent fibers with much lower velocities. The B fibers are autonomic 
myelinated fibers. The C fibers are nonmyelinated. The velocities of 
fibers in the dorsal roots of the spinal nerves range from 100 to 0.5 
meters per second; in the motor nerves supplying skeletal muscle, 100 
to perhaps as low as 2 meters per second; in the sympathetic outflow, 
2 to 0.5; and in afferent fibers related to the sympathetic system, 
to 0.5. These topics are fully elaborated in a monograph by Erlnnger 
and Gasser, to which reference may be made for further information 


and the literature. 

Following the spike potential there are negative and positive a er 
potentials, which are of much lower voltage but of much longer ura 
tion than the spike. As to duration, the spike potential of A ^^ crs , a .^ Q 
0.4 to 0.5 msec.; the negative after-potential, 12 to 20 msec., an 
positive after-potential, 40 to 60 msec. (Grundfest). The u 3 
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nificance of the after-potentials is not understood, but they are known 
to be related to the recovery of nerve after stimulation. They are 
characterized by less stability than the spike potential. The spikes 
have been referred to as the “message carriers.” 

Heat Production. For years investigators were unable to detect heat 
production in nerve during its activity. However, using improved meth¬ 
ods, Downing, Gerard, and Hill were able to show, in 1926, that nerve 
during stimulation produces a small amount of heat. In the method 



Fig. 173.—Oscillograph records of the compound spike potential of mammalian 
nerve. The upper record is taken from the sciatic nerve of the cat and shows 
the faster components. The first break in the line is produced by the stimulating 
shock and the interval between the break and the lurge elevation is the conduc¬ 
tion time. Conduction distance, 38 mm.; time at bottom of record, 0.001 sec. 
The velocities represented range between 100 and 20 meters per second. 

The lower record, taken at much higher amplification than the upper one, shows 
the spike potentials of fibers with velocities of 13 meters per second and slower. 
Time, 0.01 sec.; conduction distance, 30 mm. The first elevation in the figure 
is made up of the components shown in the upper record. The three elevations— 
the two in the upper record and the third in the lower—are known, respectively, 
as A, B, and C. (Courtesy of Dr. II. S. Gasser.) 

use was made of a thermopile of great sensitivity and a galvanometer 
with vacuum-tube amplification. In this way it was possible to show 
that heat is liberated by the nerve in two phases: about 10 per cent 
during the stimulus and about 90 per cent following the stimulus. 
The heat liberated during the initial phase was, on the average, about 
7.6 X 10"* cal. per gram of nerve per second of stimulation. The total 
heat liberated averaged about 6.9 X 10 a cal. per gram of nerve per 
second of stimulation. The duration of the prolonged phase of heat 
production was 9 to 11 minutes. The heat production of nerve has been 
further studied by Gerard, Hill, and Zottcrman. These workers calcu¬ 
late that in frog’s nerve the initial heat of a single impidse is about 
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10 7 cal. per gram of nerve, and the total heat about 10' 6 cal. per gram. 

The claim was made that the heat production observed in nerve 
under conditions such as those just mentioned is a direct result of the 
stimulating current and not a manifestation of normal activity accom¬ 
panying the propagation of the nerve impulse. Hill reinvestigated 
the question with this objection in mind and reached the conclusion 
that heat production, like the potential change, is a normal property 
of the transmitted nerve impulse. 

An analogy exists between muscle and nerve as regards their pro¬ 
duction of heat during activity, but the analogy is not so perfect as 
might be expected. Apparently the course of the metabolism in the two 
tissues is not identical. 

Resting nerve produces a small amount of heat. The figures given 
above do not include the heat production of the resting metabolism but 
only the heat increment accompanying activity. 

Oxygen Consumption. It has long been known that a nerve stimu¬ 
lated in the absence of oxygen loses more quickly its ability to conduct 

• • 

than one stimulated in the presence of oxygen. Evidently oxygen is in 
some way concerned in the conduction of the nerve impulse or, more 
likely, in recovery following conduction. The modern conception is 
that it is used to oxidize some foodstuffs, probably carbohydrate. Sev¬ 
eral workers have attempted, with considerable success, a determina¬ 
tion of the amount of the oxygen consumption of nerve (Fenn, Gerard). 
Quantitative studies indicate that there is a resting utilization, which 


is increased during stimulation. 

Carbon Dioxide Production. The utilization of oxygen by nerve 
implies the production of carbon dioxide. Several investigators, using 
highly refined methods, have been able to show and measure the carbon 
dioxide production. Parker found that the quiescent sciatic ner\e o 
the frog produces, on the average, 0.00876 mg. of carbon dioxide per 
gram of nerve per minute and that when stimulated the increase 
carbon dioxide elimination is about 14 per cent. When these resl |^^ 
were corrected for the metabolism of the connective tissue of nerve, 

. , _ •nflfP 

figure for the carbon dioxide production per gram of nerve per 
became 0.008 mg. and the increase upon stimulation became a on ^ 
per cent. Similar results have been obtained for the lateral-line nerve 

the dogfish. jjy 

The respiratory quotient of nerve, as determined by Fenn, is us 
between 0.9 and 1.0. Such figures as these indicate essentia y 

hydrate metabolism. Others have obtained lower va J ues ’^^dientes 
resting nerve. The respiratory quotient of brain is unity. 13 ,n 
carbohydrate metabolism. 
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Ammonia Production. Another metabolite that lias been shown to 
be produced by nerve is ammonia. Tashiro, using a method by which 
it was possible to measure as little as 10' 7 gm. of ammonia, showed that 
resting nerve produces ammonia and that the production is increased 
by stimulation. The significance of ammonia production by nerve is 
not yet known. Adenosine triphosphate has been suggested as a source. 

Nature of the Nerve Impulse. Just how transmission of the nerve 
impulse (as well as the cardiac and muscle impulses) is accomplished 
has been the subject of much discussion and investigation. No fully 
acceptable theory is yet available. About .50 years ago the membrane 
hypothesis was proposed and it is at present the most commonly ac¬ 
cepted idea regarding the mechanism of conduction. According to this 
theory conduction occurs at the surface of the nerve fiber (or other 
protoplasmic mass). The neuron membrane is the seat of a potential 
difference with positive charges on the outside of the cell and negative 
charges on the inside. This condenserlike membrane is leaky and is 
maintained in a charged condition by the resting metabolism of the 
nerve. Stimulation results in a breakdown (increase of permeability) 
of the membrane at the point of stimulation and depolarization 1 of 
the membrane occurs. The adjacent normal part of the membrane now 
shows a potential relative to the stimulated part. This potential dif¬ 
ference leads to the development of a local current which causes the 
depolarization of the adjacent parts of the fiber. The newly depolarized 
area then becomes negative to the next part, a local current flows, and 
the process is repeated with the result that a wave of membrane break¬ 
down and depolarization sweeps along the nerve fiber as the nerve 
impulse. Immediately following the passage of the nerve impulse there 
is a refractory period during which the nerve repairs itself and becomes 
repolarized. This may occur in as brief an interval as 0.4 msec, in cer¬ 
tain fibers. Rcpolarization requires energy, which accounts for the 
increased metabolic activity of the nerve accompanying, or, better, 
immediately following, the passage of the nerve impulse. Energy is thus 
stored up in the chnrged membrane, which is ready to conduct a nerve 
impulse when it is depolarized by a stimulus. The resting membrane 
is maintained in a polarized state by the expenditure of energy. This 
accounts for the slight but constantly occurring metabolic activity of 
resting nerve. The energy required for rcpolarization of the membrane 
and maintenance of the polarized state in resting nerve is derived in the 

1 Tliero is evidence that a iemr>orary reversal of polarity follows the depolarization. This 
requires no essential change In the membrane hypothesis, since the membrane resting potential 
is much greater than the potential of the interior of the cell with respect to the outside at 
the time of reversal of polarity (p. 96). 
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long run from oxidation, but our knowledge of the exact processes in¬ 
volved is meager. Energy-rich phosphate compounds maintained by 
the oxidation of pyruvic acid may be factors. 

Permeability of the membrane is believed to be increased by the 
action on it of acetylcholine released by the stimulus from a combina¬ 
tion with protein. Thus depolarization would be aided. The acetyl¬ 
choline is inactivated by the enzyme acetylcholinesterase. Energy for 
the formation of acetylcholine is thought to be provided by ATP. 

Fatigue. From the foregoing statements regarding the nature of the 
nerve impulse and the metabolic changes in nerve accompanying its 
passage, it might be supposed that the nerve fiber—the conducting ele¬ 
ment—would, under appropriate circumstances, show fatigue. Numer¬ 
ous experiments indicate, on the contrary, that nerves are practically 
incapable of fatigue. W hen stimulated continuously for hours, they are 
still capable of conducting a nerve impulse. This can be interpreted 
to mean that the changes accompanying the passage of the nerve im¬ 
pulse are quantitatively slight or are readily recovered from, or both. 

It is well known that the reflex arc is capable of fatigue. Therefore, 
since the nerve fiber is practically nonfatigable, some other part or 
parts of the nerve mechanism must be involved. Certain lines of evi¬ 
dence make it probable that the synapse (region of contact between 
neurons) is the most vulnerable point (Chapter XXX). However, the 
cell body is probably not exempt from fatigue. 



Chapter XXX 


NEURONS, RECEPTORS, SENSATIONS, EFFECTORS 


ALL protoplasm possesses the properties of irritability, conductivity, 
jLJL and correlation. In higher animals these properties are exhibited 
in greatest degree by nervous tissue. The nervous system, embracing the 
whole of the nervous tissue of the body, may be conveniently divided 
into the central nervous system and the peripheral nervous system. The 
former comprises the brain and spinal cord. The latter comprehends 
all other nervous tissue: the cranial and spinal nerves, their ganglia and 
end-organs, and the autonomic nervous system (Fig. 174). The central 
nervous system consists of afferent fibers (derived from the primary' 
afferent neurons), which transmit impulses from the periphery; motor 
neurons, which transmit impulses to the periphery'; and interneurons, 
which establish complex connections between afferent neurons and the 
motor neurons. 

In its broad aspects the function of the nervous system is to enable 
the organism to adjust itself or its parts to changes in the external or 
internal environment. 


THE NEURON 

The nervous system is composed of nerve cells termed neurons and 
a supporting neuroglia. The neuron is the embry'ological, anatomical, 
and physiological unit of the nervous system. It consists of the cell 
body and all its processes: dendrites and axon. The term nerve cell 
is properly used synonymously with the word neuron, although accord¬ 
ing to another usage the nerve cell is regarded as comprising the cell 
body, the dendrites, and only the proximal part of the axon. 

Kinds of Neurons. Although neurons present a great number of 
forms, it is in general possible to divide them into a few groups based 
on the number and arrangement of their processes. Many' atypical 
forms occur that are difficult or impossible to classify'. Following are 
the general classes. 

Unipolar cells, those having a single process, are rarely encountered 
in higher animals. They are somewhat more frequently' seen in lower 
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vertebrates and invertebrates. The physiological relation of the single 
process to the cell body is not clear. 

Bipolar cells have one axon and one dendrite. In vertebrates these 
cells are well exemplified by the bipolar cells of the retina. These are 
sensory cells possessing a short axon and dendrite. Similar cells are 
found in other locations. 

In higher vertebrates the nerve cells of the ganglia of the cranial 
and spinal nerves arc cmbryologically bipolar. However, the two proc¬ 
esses later fuse, near the cell body, into one process, so that it presents 
a T-shaped appearance. One branch of the process becomes an axis 
cylinder of a peripheral afferent nerve fiber, while the other branch 
passes into the central nervous system by way of the dorsal root of a 
spinal or cranial nerve. Although both branches are anatomically 
axons, the peripheral branch is physiologically a dendrite. Such nerve 
cells may be designated as pseudo-unipolar cells (Maximow). Their 
function is to conduct nerve impulses centrally. It should be noted that 
these and all other cells of origin of peripheral afferent nerve fibers are 
located in ganglia outside the central nervous system. Nerve impulses 
apparently pass from the peripheral branch to the central branch of 
these pseudo-unipolar cells without entering the cell body. 

Multipolar cells possess numerous branching dendrites and an axon, 
which may be long or short. Multipolar cells possessing long axons are 
typified by the motor nerve cells (motoneurons) in the ventral gray 
column of the spinal cord. The axons of these neurons emerge from the 
central nervous system to become peripheral motor nerve fibers. A 
motor neuron is represented diagrammaticnlly in Fig. 175. The axons 
of other multipolar cells, instead of leaving the gray matter, break up 
into numerous branches in the vicinity of the cell body. By means of 
these cells an afferent neuron may be placed into relation with a great 
many motor neurons. They are therefore designated as internuncial 
neurons or interncurons. 

Neuron Doctrine. The nervous system is composed of countless 
numbers of cells known as neurons, together with a certain amount of 
neuroglial tissue. The latter, however, is not concerned in the per¬ 
formance of nervous functions but acts as an interstitial or supporting 
♦issue. In addition, there is evidence (Franklin) that neuroglial cells 
arc concerned in the nutrition of the specific nervous elements by acting 
as intermediaries between the blood and these elements. Some neu¬ 
roglial cells may have additional metabolic functions. 

That nervous tissue is composed of nerve cells has long been recog¬ 
nized, but knowledge of the significance of these elements and their 
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structural and functional relations is comparatively recent. The doc- 
tiine that tieats of the status of the neuron in the nerve complex is 
known as the neuron doctrine. It may be summarized as follows: 

The nei vous system is composed of cells termed neurons. They 
(ome in contact with one another at places termed synapses, but there 
is no protoplasmic continuity between them. The neuron is the func¬ 
tional unit of the nervous system. Only neurons are concerned in per¬ 
forming neivous functions. Chains of neurons constitute the conduction 
pathways. 



Fio. 175.—Diagrammatic representa¬ 
tion of a motor neuron (motoneuron): 
ah, axon hillock; ax, axon; c, cyto¬ 
plasm of cell body; d, dendrites; m, 
medullary sheath; m' t striated muscle 
fiber; n, nucleus; n\ nucleolus; nR, 
node of Ranvicr; sf, collateral; si, 
neurilemma; tel, motor endplate. 
(Barker, Bailey; from Ranson, 
Anatomy of the Nervous System; 
copyright—W. B. Saunders Com¬ 
pany.) 


Nerve Cell Body. Little precise information is available regarding 
the physiology of the cell body of the neuron. A good deal is known 
about its histological peculiarities, but on the whole it is as yet im 
possible to give these a functional interpretation. That the cell body 
influences the nutrition of the axon is well known and is indicated y 
the occurrence of degenerative changes in the axon following its sepa 
ration from the cell body. The relation of the cell body to the ncr% c 
impulses passing through it is a debated point. Many workers be ieve 
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that the type of conduction in the cell body is similar to the peripheral 
or axon type of conduction and that all influences modifying the nerve 
impulses are derived from the synapse. Such a view is not universally 
accepted. Some authorities maintain that the cell body, as well as the 
synapse, is capable of influencing nerve impulses passing through it. 
This point of view is apparently exemplified in the relation of the 
volume of cell-body cytoplasm to the phenomenon of central fatigue in 
mammalian neurons. Conduction paths that lead through neurons with 
a large volume of cytoplasm in the dendrites and cell bodies do not 


i' ig. 176. — A, nerve cell from the ventral gray column of the spinal cord of a 
monkey to show Nissl bodies in the cytoplasm. B, nerve cell from the facial 
nucleus of a dog to show lytic changes in the Nissl bodies following section of the 
facial nerve. (Schafer; from Ranson, Anatomy of the Nervous System; copy¬ 
right—W. B. Saunders Company.) 

tend to show fatigue, whereas those that lead through neurons with 
small cytoplasmic volume tend to show fatigue. This suggests that the 
central fatigue of reflex conduction is in part a property of the cell 
body and dendrites and not exclusively of the synapse (Malone). 

Internal Structure. The body of the nerve cell presents many struc¬ 
tural features that are similar to those of cells in general. Several of the 

contained elements, however, may have special physiological signifi¬ 
cance. 

The cytoplasm of nerve cells, including the dendrites, contains a 
peculiar chromuhal substance, which in fixed preparations assumes the 
form of large, sharply outlined, typically arranged masses known 
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as Nissl bodies (Fig. 176, A). The discreteness of the chromidial sub¬ 
stance is not evident when a fresh nerve cell is examined. Chromidial 
substance is believed to be made up of nucleoprotein. The presence of 
Nissl bodies in fixed preparations of nerve cells has long been known, 
and attempts have been made to show that they are specifically con¬ 
cerned in nerve cell metabolism. What constitutes their special function, 
if any, is not clear. They are known to undergo lytic changes (chroma¬ 
tolysis) when the nerve cell is fatigued or injured (Fig. 176, B). The 
occuirence of a similar chromidial substance in other kinds of cells is 

evidence against the view that Nissl bodies are of special importance in 

nerve cells. 

Threadlike structures found in all parts of fixed and stained neurons 
aic designated as neurofibrils. Recent studies by modern technics in¬ 
dicate that they are present as definite forms in living neurons. In the 
cell body they run in all directions, forming a thick network. Neuro- 
fibrils are believed by some to be the ultimate conductors of the nerve 
impulse, although the evidence for this belief is slight. 

DEGENERATION AND REGENERATION IN NERVOUS TISSUE 

The number of neurons in the body of mammals is fixed at or near 
the time of birth, after which time a neuron, if destroyed, cannot be 
replaced. However, under certain circumstances it is possible for a de¬ 
generated peripheral nerve fiber to be quickly and completely replaced. 
For this to occur, its parent nerve cell body must have remained intact. 
The cell body, if destroyed, cannot be replaced. 

In Peripheral Nerves. When a nerve is transected, the peripheral 
portion soon alters in appearance and in three or four days loses its 
ability to conduct nerve impulses when stimulated. The central portion 
undergoes no grossly apparent change; and when stimulated it is still 
able to conduct nerve impulses, as is indicated by the production of 
pain and of reflex contraction of muscles. 

Histological studies of degeneration in fibers of peripheral nerves 
show that the immediate effect of the section is to cause comparatively 
mild degenerative changes in both the central and peripheral ends of 
the fiber, known as traumatic degeneration; whereas the more remote 
effect is to cause grave degeneration in the entire peripheral portion. 
The latter effect is known as secondary or Wallerian degeneration, 
named for the British physiologist Waller, who described it in 1850. 

It takes place because the nerve fiber is completely separated from the 
cell body, the trophic center of the neuron. The degeneration finally 
becomes complete, involving not only the axon but also the myelin 
sheath, if present. The neurilemma, on the contrary, does not degener 
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ate but undergoes proliferation, as is shown by an increase in the 
number of nuclei and the amount of cytoplasm. In about seventeen 
days the neurilemma becomes a syncytium. It is concerned in removing 
the products of degeneration of the axon and of the myelin sheath. 
After thirty days or more all that is left of the nerve fiber is this 
syncytial neurilemma, known as a protoplasmic or band fiber. 

If conditions are favorable, complete regeneration may occur in the 
degenerated nerve fiber. This is effected under the influence of the cell 
body. The portion of the axon in connection with the cell body sends 
out a process along the protoplasmic fiber which finally reaches tlie 
termination of the old nerve fiber. This outgrowth becomes the axon of 
the regenerated fiber. The protoplasmic fiber serves the important func¬ 
tion of guiding the new axon to its termination, but it cannot cause the 
development of an axon. This is possible only under the influence of 
the cell body and the attached portion of the axon. 

The time required for regeneration of the nerve fiber varies with 
the distance between the severed ends. If the ends are brought close to¬ 
gether, regeneration occurs relatively quickly, whereas if they are 
widely separated, regeneration may require years or may not occur at 
all. If regeneration does not occur, degeneration of the cell body and 
its attached stump of axon takes place. A number of workers have 
estimated the rate of growth of the regenerating fiber down the 
peripheral part. Clinical evidence in man indicates that the rate is 
often 2.5 mm. daily, but experimental studies on several mammals 
indicate rates of 3 to 4 mm. per day (Young). The rates of regeneration 
of sympathetic fibers, preganglionic and postganglionic, are not very 
different from those of somatic fibers. Young points out, however, that 
the rate of advance of the axon tip, the criterion of regeneration usual¬ 
ly looked for, is not synonymous with the rate of functional completion 
of the regeneration. A functionally complete fiber, capable of carrying 
effective impulses, is obviously required before regeneration can be 
said to have been accomplished. Much time may elapse between the 

arrival of the axon tip at its destination and the establishment of func¬ 
tional connection. 

Under practical conditions, where nerves have been severed, it i 9 
essential to reunite the stumps if regeneration is to be assured. 

In Nerve Fibers of the Central Nervous System. Evidence from 
a number of sources indicates that the nerve fibers of the central 
nervous system are capable of regenerating but that the regeneration 
is usually abortive. Recent work, however, shows that under some con¬ 
ditions functional regeneration in the central nervous system of mam¬ 
mals is possible, as after transection of the spinal cord in rats. Various 
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explanations have been offered for the rarity with which functional 
connections are re-established in the central nervous system (Young). 
The formation of scar tissue in the region of transection is probably a 
factor. Other mechanical difficulties might be present. 

In Nerve Cells. When a peripheral nerve fiber is separated from 
its nerve cell, more or less severe lytic changes take place in the nerve 
cell. The chromidial substance tends to become liquefied (Fig. 176, B), 
and the cell shows other evidences of injury. The change in the cell is 
spoken of as axon reaction. If the injury is not too severe, a new axon 
grows out from the proximal stump of the old, and finally complete 
recovery of the neuron occurs. 

If the axon is divided close to the cell body, or if the axon stump 
cannot establish connectioi^with its protoplasmic fiber, or if the neuron 
is subjected to severe fatigue, the cell body may undergo complete de¬ 
generation from which recovery is impossible. 

THE SYNAPSE 

The synapse is the place where the nerve impulse passes from one 
neuron to another. At synapses the terminations of an axon, known as 
terminal knobs or end bulbs, make contact with other neurons. A 
single nerve cell body is in synaptic connection with many neurons, 
and one neuron may make synaptic junction with many cell bodies. 
Since there is lack of protoplasmic continuity at the synapse, it is evi¬ 
dent that some sort of membrane or interfacial boundary must exist 
between neurons. The synapse is regarded as being such a membrane or 
as owing its peculiar properties to the presence of such a structure. The 
membrane must be regarded as a living, changing structure and not as 
a lifeless, static thing. It is a biophysical membrane and might be 
capable of hindering the movement of ions, accumulating electric 
charges, supporting potential differences, exhibiting changes of perme¬ 
ability, and the like. 

The manner of conduction of the nerve impulse in a nerve fiber 
varies but little, the only variable being the frequency of the separate 
impulses. In order to understand many of the peculiar manifestations 
of the activity of the nervous system, one must therefore look beyonc 
the peripheral nerve fibers into the central nervous system. There the 
evidence points to the synapse as the principal source of the influence 
modifying the nerve impulse. Following are some physiological P ie 
nomena attributable to the synapse. # , 

1. Although the nerve fiber can conduct a nerve impulse in o 
directions, a chain of neurons (reflex arc) can conduct in^ only one 
direction. In the reflex arc the direction of passage of the impu se 
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from the afferent neuron througli the motor nerve cell into the motor 
fiber. This is the law of forward direction. Stimulation of the motor 
fiber is quite ineffective in exciting reflex action. The reflex arc is there¬ 
fore said to be polarized as regards direction of transmission of the 
impulse. This polarity is a property of the synapse, whose action may 
be likened to that of a valve that permits flow in only one direction. 

2. Whereas nerve fibers are practically incapable of fatigue, the re¬ 
flex arc may show quick fatigue. This property is chiefly referable to 

the synapse, but, as previously noted, it may be in part an attribute 
of the nerve cell body. 

3. The synapse is very susceptible to the action of drugs such as 
nicotine, strychnine, caffeine, and morphine. (This does not exclude the 
possibility that these drugs may act in part on the nerve cell body.) 

4. At synaptic junctions, blood capillaries are usually more abun¬ 
dant than at other places in nervous tissue. This and other evidence 
leads to the belief that the synapse is a seat of high metabolic activity. 

5. Such manifestations of reflex action as after-discharge, summa¬ 
tion, inhibition, and reinforcement (p. 752) arc probably properties of 
the synapse. 

Newer knowledge on the physiology of the synapse is covered in 
a monograph by Gasser, Erlanger, Bronk, Lorente de No, and Forbes. 

RECEPTORS 

Receptors are the parts of the nervous machinery of the body con¬ 
cerned in translating ordinary stimuli into nerve impulses. Their essen¬ 
tial function is to lower the threshold of excitability of the reflex arc 
for one kind of stimulus (“adequate” stimulus: the form of energy to 
which the receptor is most sensitive) and to raise it for all other kinds 
(Sherrington). Receptors thus serve to separate out the different 
stimuli; they function as filters for the nervous system. Receptors are 
divided physiologically into two principal groups: (1) Those receptors 
for stimuli originating outside the body, that is, originating in the 
external environment, are designated as exteroceptors. They include 
the receptors of touch, warmth, cold, and pain found in the skin, and 
such special receptors as the organs of hearing and vision (distance 
receptors or tcleceptors). They are located in the external surface of 

the body. (2) Receptors for stimuli originating inside the body_in the 

internal receptor fields—are termed interoceptors. They include pro¬ 
prioceptors and visceroceptors. The former are located in muscles, ten¬ 
ons, joints, and the vestibular organ. Visceroceptors are located in the 
a imentary canal, bladder, heart, blood vessels, and so forth. 

Exteroceptors and proprioceptors are sometimes designated as 
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somatoceptors. They are concerned in the adjustment of the organism 
to the external environment. Visceroceptors are concerned in the 
adjustment of the organism to the internal environment. Examples 
ol nei \ ous reactions involving these three kinds of receptors may now 
be indicated. (1) If the skin of a limb is pricked, the limb is 
Piomptly drawn away; an exteroceptor, for pain, has been stimulated 
and skeletal muscles have been made to contract reflexly. (2) The 
tension resulting from the initial contraction of the muscles stimulates 
proprioceptors in the muscles, tendons, and joints involved, whereupon 
the further contraction of the muscles is reflexly supported and guided. 
(3) I he presence of food in the digestive tube stimulates visceroceptors, 
which reflexly call forth the secretion of digestive juices. 

Stimulation of somatoceptors does not always excite somatic 
nervous reactions, nor does stimulation of visceroceptors always excite 
visceral reactions. Thus cold applied to the skin may cause vaso¬ 
constriction, a visceral function; and hunger contractions of the stom¬ 
ach may occasion the contraction of skeletal muscles in an effort to 
obtain food. This muscular activity is evidently somatic. 

Receptors may be classified in another way, depending upon whether 
or not the nerve impulses aroused reach consciousness. (1) Those re¬ 
ceptors that give origin to nerve impulses that arouse sensations are 
termed sense organs. Examples are the receptors in the skin, eye, and 
ear. (2) Many receptors give rise to nerve impulses that never reach 
consciousness but expend themselves in producing reflexes. These re¬ 
ceptors may be termed activators. Sometimes the term sense organ is 


used to include all kinds of receptors, but this is an inexact usage. 

Adaptation. Receptors respond to stimuli of threshold intensity or 
above by setting up a single nerve impulse or, more often, a train of 
impulses. If the stimulus is applied at constant intensity for a pro¬ 
longed period, the impulses generated by the receptor diminish in 
frequency and may disappear completely. This is referred to as adap¬ 
tation. The proprioceptors known as muscle stretch receptors adapt 
slowly. They are concerned in the antigravity reflex (p. 766), and it is 
obviously an advantage to the organism that slow adaptation char¬ 
acterizes these receptors. Otherwise the standing reflex would fail. 
Touch and pressure receptors adapt rapidly. Thus one is usually 
not aware of the contact of his clothing with the skin, and t e 
pressure of a hat on the head is soon forgotten. Pain receptors show 
little adaptation. The survival value of this is clear. Adaptation o 
a receptor is not the same as fatigue. For instance, if the stimulus is 
withdrawn and the receptor is stimulated again, it will respond, a ap 
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tation disappearing very quickly. This would not be so in the case of 
a fatigued receptor; more time would be required for recovery. 

INTENSITY AND QUALITY OF SENSATION 

It lias already been pointed out that the magnitude of the nerve 
impulse is not related to the intensity of stimulation and the form 
of the impulses does not change with changes in the stimuli. The only 
variable that a given nerve fiber can conduct is a difference in the 
frequency of the nerve impulses. 

The intensity of the sensation aroused in the sensory centers of the 
cerebral cortex depends on the number of impulses reaching a center 
in a given time. This is determined by the frequency of the impulses 
in the fibers that are conducting and upon the number of fibers con¬ 
cerned in transmitting impulses. The first mechanism provides for 
temporal summation of impulses, the second for spatial sununation. 

The quality of the sensation aroused depends not upon any dif¬ 
ferences in how the nerve fibers are stimulated nor upon any differences 
in the quality of the nerve impulses but upon what nerve fibers are 
conducting and therefore to what region of the cortex the impulses are 
carried. If the conduction path transmits impulses to the visual center, 
light will be perceived regardless of how the impulses are aroused, 
that is, regardless of how the receptors are stimulated. Light, pressure 
on the eyeball, or electrical stimulation of the retina can each give 
rise to nerve impulses that follow the visual path to the visual area 
in the cerebral cortex, stimulation of which causes a sensation of 
light. This doctrine of specific nerve energies (the term is not particu¬ 
larly good) was proposed originally by Johannes Muller over 100 years 
ago. 


PROJECTION AND LOCALIZATION OF SENSATION 

The factors determining the intensity of a sensation and its 
quality have been briefly considered. In addition, projection of the 
sensation back to the periphery and its localization must be mentioned. 
How these are accomplished is not well understood. The sensation is 
aroused in the brain, but it is projected back to the periphery (body 
surface or environmental envelope) and localized at a place which 
experience has shown to be the source of stimuli when certain nerve 
cells in the cerebral cortex are excited. Projection and localization 
are therefore complex psychological functions of the nervous system. 

Stimulation of a sensory path at any level will give rise to a 
sensation which is projected to the periphery. Thus stimulation of 
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the nerve stump, as by pressure from scar tissue, of an amputated 
limb may give rise to sensations projected back to the “phantom 
limb." Strychnine applied to the somesthetic area (p. 792) of the ex¬ 
posed cerebral cortex of a cat will cause the animal to scratch or bite 
the part of the skin from which the sensation seems to be coming, 
that is, the part in sensory connection with the region of the cortex 
to which the strychnine has been applied. 

The accuracy of localization is not equally well developed for all 
sensations. Cutaneous pain is well localized and so is touch, but 
other cutaneous sensations are not as well localized. 

CUTANEOUS SENSATIONS 

As pointed out in Chapter XXI, one of the several functions of the 
skin is to serve as a sensory surface whereby the organism is brought 
into intimate relation with its environment. The older physiologists 
recognized only one cutaneous sensation, touch, in which, however, dif¬ 
ferent attributes could be recognized subjectively. It is now accepted 
that the skin is endowed with at least four sensations known as touch, 
cold, warmth, and pain. According to current teaching, these sensations 
are elicitable from a large number of widely distributed points on the 
skin known respectively as touch, cold, warm, and pain spots. The 
receptors for the four cutaneous sensations are commonly assumed to 
be located in the skin beneath their respective surface spots and to be in 
functional connection with afferent nerve fibers mediating these senses. 
However, anatomical knowledge of the peripheral nervous mechanisms 
of the cutaneous sensations is by no means complete. 

Touch. Examination of the skin surface from place to place by 
gently pressing the end of a light bristle against it reveals that the 
sensation of touch is not felt uniformly everywhere but most distinctly 
at certain numerous points termed touch spots. In man these occur in 
greatest numbers at the finger tips. The adequate stimulus (p. 733) for 
touch is slight deformation of the surface of the skin, but there is no 
general agreement as to what structures serve as touch receptors. 
Tactile corpuscles, found in the dermis, are often assumed to be the 
receptors, but they are not numerous enough to be the only receptors 
concerned. Waterston believes that the skin epithelium itself is the 
receptor for touch, stimuli aroused in these cells being transmitted to 
the nerve terminals found in the deeper epithelial layers. Merkel s 
cells in the snout of the pig are probably touch receptors. They arc 
situated in the epithelium. 

In addition to this more or less punctate distribution of touch 
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sensation in tlie skin, it is found that touch is readily and character¬ 
istically evoked in hairy regions by bending a hair, provided the move¬ 
ment is great enough to disturb the part of the hair in the follicle. Felt 
while the hair is actually being bent, touch disappears when the hair 
becomes static. This is because of adaptation of the nerve endings in 
the follicle. The appearance and disappearance of nerve impulses when 
hairs are bent have been studied by detection of the spike potentials 
of the nerves from the part under investigation. Tactile hairs or vibris- 
sae, so-called feelers, are prominent around the muzzles of some 
animals. 

The sense of touch is not limited to the skin. It is also present in 
certain mucous membranes, such as those of the oral cavity and the 
conjunctiva. 

Closely related to touch is the sensation of pressure. It is, for the 
most part, not a cutaneous sensation but one arising from the stimula¬ 
tion of structures beneath the skin. Pacinian corpuscles are the 
receptors. 

Temperature Sensations. Examination of the surface of the sk in 
with the point of a warmed metal probe reveals the presence of nu¬ 
merous spots from which a sensation of warmth is obtained. These 
are termed warm spots. Intervening areas are much less sensitive to 
warmth. Similar examination with a cooled probe shows the presence 
of cold spots, which far outnumber the warm spots. As with the touch 
spots, it is commonly assumed that in the skin underlying these super¬ 
ficial warm and cold spots are located receptors responsible for trans¬ 
lating thermal stimuli into nerve impulses. Much uncertainty exists, 

however, as to the histological identity of the warmth and cold 
receptors. 

Pain. By exploration of the surface of the skin with a sharp needle, 
numerous points can be found from which a sensation of pain can be 
evoked. These are the pain spots. Careful examination shows that they 
do not coincide with the other sensory spots of the skin. It is con¬ 
cluded therefore that the sense of pain is independent of the other 
cutaneous senses. In fact, in some regions—cornea, tympanic membrane 
—the only sensation present is that of pain. What structures in the 
skin serve as pain receptors is not known with certainty. It is usually 
stated that free nerve endings function in this way, there being no 
specialized receptor. This explains why there is no “adequate” 
stimulus for pain; the pain receptor is not specialized to respond to 
one particular form of energy but will react to several. Heat, chemical 
irritants, electrical changes, and other potentially harmful stimuli 
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may excite pain endings. Pain endings are sometimes designated as 
nociceptors, since they respond to noxious stimuli. 

Itch is belie\ed to result from the weak stimulation of pain endings. 

Cutaneous tickle is thought to be an affect resulting from simul¬ 
taneous stimulation of pain and touch receptors. 

Cutaneous Sensation and Fiber Size. Nerve fibers can be divided 
into groups of different conduction velocities, based on the separation 
ol the spike potential of a nerve into different components as it travels 
along the nerve from the point of stimulation. Conduction velocity 
and fiber diameter are linearly related to each other. Modern researches 
on the physiology of receptors and the conduction paths leading from 
them have yielded information as to the sizes of fibers that conduct 
impulses giving rise to different sensations. Touch and light pressure 
activate nerve fibers belonging principally to the beta and delta 
subgroups of the A group of fibers. Pain giving rise to the sharp 
sensation of prick is believed to be mediated by the faster-conducting 
delta fibers of the A group, whereas ache is thought to be mediated 
by the slower C fibers. The brief nonpain fill interval between sharp 
pain and delayed, dull pain—seen, for example, when one strikes a 
toe against some object—supports the idea of fast and slow pain. 
Warmth comes in the fiber “spectrum” just below pain, that is, nerve 
impulses giving rise to the sensation of warmth are conducted by slower 
fibers than those for pain. Cold appears in the fiber spectrum just below 
warmth. 

The neural mechanisms of skin sensation are covered in a review 
by Bishop and pain in a review by Wolff and Hardy. 

COMMON CHEMICAL SENSE 

The nasal mucous membrane contains two kinds of receptors 
capable of being stimulated by gaseous substances. One kind, the 
olfactory receptors, is considered on p. 837. The other kind comprises 
free nerve endings, probably of the trigeminal nerve, that are stimu¬ 
lated by irritant vapors such as ammonia or hydrochloric acid. As a 
rule strong reflex manifestations such as sneezing or coughing follow. 
Further inquiry has shown that in mammals receptors for irritants 
are not limited to the lining of the nasal passages but are found 
wherever a mucous membrane comes in contact with the outside. The 
mouth, eye, anus, and genital orifices all possess such receptors, n 
amphibians and fishes similar receptors occur all over the exterior o 
the body. These receptors in mammals are probably a heritage f rorrl 
their primitive aquatic ancestors. Since there is good reason to be ieve 
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that the receptors for irritants are not identical with those for smell, 
taste, touch, temperature, or pain, it may be concluded that they are 
specific receptors mediating a true sense, the common chemical sense. 


DEEP SENSATION 

Under this heading impulses arising in muscle receptors will be 
considered. It is common knowledge that the position of limbs in space, 
the tension of muscles, and the degree of flexion or extension of 
joints are known to the individual even though the eyes are closed. 
A blind animal can execute perfectly co-ordinated walking movements. 
Nerve impulses from receptors in muscles and tendons pass to the 
central nervous system and convey the required information. This is 
sometimes spoken of as “muscle sense.” According to Fulton muscles 
have three kinds of receptors: (1) muscle spindles, (2) tendon organs 
ot Golgi, and (3) Pacinian corpuscles. In addition, free nerve endings 
mediating pain are found in the blood vessels of muscles and in apo¬ 
neurotic sheaths. The muscle spindles are stretch receptors, the tendon 
organs of Golgi are tension receptors, and the Pacinian corpuscles 
deep-pressure receptors. The spindles are located in the substance of 
the muscle, the tension receptors in tendons, and the Pacinian cor¬ 
puscles in tendon sheaths, muscle septa, peritoneum, mesentery, and 

other places. Proprioceptors in muscles and tendons are referred to 
again on p. 770. 

EFFECTORS 


The effectors are the organs of response, and brief reflection is 
sufficient to show that these come under two general headings: muscle 
and gland. Muscle may be skeletal (somatic) or visceral. Muscles of 
the former class, at least in man, are under a high degree of voluntary, 
intentional, or conscious control, although they often function quite 
reflexly. They are generally excited through exteroceptive stimulation, 
but, as previously indicated, they may be aroused by stimulation 
originating in visceroceptors. Once their contraction is begun, its 
further course is supported and conditioned by stimulation of proprio¬ 
ceptors. Most visceral muscle is removed from intentional control. It is 
generally stimulated by impulses originating in visceroceptors, al¬ 
though this is not always true, for exteroceptive stimulation may 
cause response in visceral muscle. When visceral muscle is considered as 
an effector organ, it must be kept in mind that its fundamental activity 

is in most instances independent of the central nervous system that i<? 
automatic. ‘ 

Glands are visceral organs and are removed from voluntary con- 



740 


PHYSIOLOGY OF DOMESTIC ANIMALS 


trol. They are often aroused to activity, so far as the nervous 
system is concerned, by stimuli originating in visceroceptors, but this 
is not always the case. A familiar exception is the reflex secretion of 
sweat in response to the stimulating influence of external heat. 

Effector End-Organs. As just stated, effectors are either muscle or 
gland. Effector end-organs are more or less highly specialized nerve 
terminations found on effectors or in relation with them. Physiologi¬ 
cally it is impossible to differentiate sharply between the end-organ and 
the effector with which it is related. Both are necessary for the final 
response. The effector end-organ in some way translates nerve im¬ 
pulse into excitation. A chemical mediator appears to be involved in 
all cases. 



Chapter XXXI 


SPINAL CORD AND REFLEX ACTION 


I I’ 1HE spinal cord is transected, it is seen to consist of a central 
mass of gray matter completely surrounded by white matter. The 
gray matter consists of nerve cells, dendrites, nonmyelinated fibers, 


a smaller number of myelinated fibers, blood vessels, and neuroglia. The 
white matter consists chiefly of longitudinally running myelinated 
nerve fibers, supported by neuroglia. Closely investing the spinal cord 
there is a highly vascular covering known as the pia mater. Along the 
median line of the dorsal surface of the cord extends the deep dorsal 
median sulcus, while along the median line of the ventral surface is 
found the much shallower ventral median fissure. 

Funiculi. The white matter of the spinal cord is divided anatomi¬ 


cally into several columns of nerve fibers known as funiculi. Occurring 
on each side, these funiculi are designated as dorsal, lateral, and ven¬ 
tral. The dorsal funiculus extends from the dorsal median sulcus to 
the line of origin of the dorsal roots of the spinal nerves; the lateral 
funiculus, from the line of origin of the dorsal roots of the spinal 
nerves to the similiar line of the ventral roots; the ventral funiculus, 
from the line of origin of the ventral roots to the ventral median fis¬ 


sure. Each funiculus is limited centrally by the gray matter. 

Gray Columns. The gray matter, completely surrounded by white 
matter, extends throughout the length of the spinal cord in an un¬ 
broken column. In cross section it has the general shape of the letter 
H. The ventral part of each lateral mass of gray matter is designated 
the ventral horn or column; the dorsal part, the dorsal horn or column. 
I’rom the lateral side of the ventral column projects the lateral column. 
The connection between the two lateral masses of gray matter is 
known as the gray commissure. It contains the central canal. Under 
the gray commissure is the white commissure. 


Nerve Cells of the Spinal Cord. The nerve cells of the spinal cord 
are multipolar, and each cell possesses a single axon. Four groups of 
nerve cells have been distinguished. (1) Cells with short axons which 
c 0 not Rave the gray matter are found in the dorsal column. Their 


7-11 
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number in the spinal cord of higher animals is relatively small. (2) 
Large motor nerve cells are situated in the ventral column. They 
possess long axons, which leave the spinal cord in the ventral roots of 
the spinal nerves to pass to the skeletal muscles. These neurons are 
designated as motoneurons, and their cells of origin are most abundant 
in the cervical and lumbar enlargements of the spinal cord. One 
motoneuron may innervate as many as 165 muscle fibers. To ac¬ 
complish this, the axon branches extensively after entering the muscle 
(p. 704). (3) Small cells are located in the lateral column of gray 
matter in the thoracic and upper lumbar regions. Each cell gives off an 
axon, which leaves the spinal cord in the ventral root® as a pre¬ 
ganglionic fiber of the sympathetic nervous system. (4) Small or 
medium-sized cells, interneurons, present chiefly in the dorsal column, 
give off axons that pass into the white matter, where they run up or 
down the cord or divide into ascending and descending branches. Some 
of the fibers run all the way to the brain; others connect contiguous or 
more distantly situated spinal segments. Collateral and terminal 
branches of fibers of the latter enter the gray matter, where they end 
around nerve cells, some of them situated on the same side of the cord, 
some on the opposite side. These fibers make up the fasciculi proprn 
(p. 747). 

The facts just stated make it evident that the sensory cells of the 
spinal cord are grouped in the dorsal gray column, while the motor cells 
are grouped in the lateral and ventral columns. The sensory cells of the 
dorsal column are the primary sensory centers, or terminal nuclei, of 
the dorsal root fibers, whereas the cells of the lateral and ventral 
columns are the primary motor centers, or nuclei of origin, of the 
ventral root fibers. However, some of the dorsal root fibers have their 
terminal nuclei in the medulla (nucleus gracilis and nucleus cuneatus). 

FUNCTIONS OF THE SPINAL CORD 

The spinal cord has two main functions: (1) it is the seat of many 
reflex centers controlling the muscles of the trunk and limbs; (2) it is 
a path of conduction between these centers and the correlation centers 
of the brain. The first function is more primitive and is there ore 
found to be of great importance in lowly vertebrates such as t ie ro 
In the higher vertebrates, especially man, the other function is o r 
importance. These functions will be studied under three ca m 
(1) the fiber tracts, (2) reflex action and the spinal animal, an 
the conduction pathways between the cord and brain. 
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FIBER TRACTS OF THE SPINAL CORD 

I he white matter of the spinal cord is composed of nerve fibers. 
Those possessing similar functions, origins, and terminations are 
grouped together in fairly definite bundles called tracts. Certain groups 
of nerve fibers located in the same general region of the cord but 
possessing different functions are called fasciculi. They are mixed 
bundles of fibers. 

The tracts of the spinal cord are divided into ascending and de¬ 
scending tracts. Some are short, connecting adjacent segments of the 
cord; others are longer, connecting more remote levels of the cord; 
still others extend from the cord to the brain or from the brain to the 
cord. The tracts are usually designated by a compound word formed 
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\ • 



fasciculus inlerfa*. icuftjris 

fasciculus pr Apr ins % 

Sensory fibers of the 
second order * 

Lateral corticospinal 
tract 

Ruhr os pinal tract 


Tectospinal tract -- 
fasciculus proprius - 

Bulbospinal tract --- 
Vestibulospinal tract 


9 

Ventral corticospinal tract 


Dorsolateral fasciculus 

Dorsal spinoeerebei 
trad 

~ f dSctcullis propr i\ 

\ nil r al spinoeere - 
beUar tract 

• Lateral s pi not hat am 
tract 

Spinotectal tract 

- \ entral root 

Ventral spinothalamic tract 
S ulcomarfinal fa sciculus 


Fia. 177.—Diagram of the chief fiber tracts of the spinal cord of man. On the right 
the ascending tracts are represented; on the left, the descending tracts. For certain 
differences in animals, see text. (From Ranson, Anatomy of the Nervous System • 
co Pyright—W. B. Saunders Company.) 


from the names of the places of origin and termination of the tract, 
the name of the place of origin coming first in the word. 

As they run up the cord, the ascending tracts gain fibers from suc¬ 
cessive groups of nerve cells around which the dorsal root fibers ter¬ 
minate, or from branches of the dorsal root fibers themselves, and 
therefore become larger. As they travel down the cord, the descending 
racts give off fibers that end in relation to motor nerve cells in 
successive segments of the cord and therefore become smaller. 

Knowledge regarding the fiber tracts of the spinal cord of the 
arge domestic mammals is, for the most part, meager. More informa- 
«°n is available for the small mammals. The accompanying list of 
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tracts is not complete. Only the more important ones are given. Their 
location in the cord (in man) is shown diagrammatically in Fig. 177. 
See also Fig. 183 and 185 (pp. 769 and 786), which show a number of 
the descending tracts, and Fig. 186 (p. 787), which shows several of 
the ascending tracts, in the dog. These figures should be studied in 
connection with the discussion to follow. 

Ascending Tracts. Fasciculus Gracilis and Fasciculus Cuneatus. 
These are mixed bundles occupying much the greater part of the dorsal 
funiculus. The fasciculus gracilis is medial to the fasciculus cuneatus. 
They are made up principally of the ascending branches of the dorsal 
root fibers. The fibers in the gracilis come from the sacral, lumbar, and 
lower thoracic nerves; those in the cuneatus, from the upper thoracic 
and cervical nerves. These fasciculi terminate in their respective nuclei 
in the medulla, from whose cells axons arise to pass, in a tract known 
as the medial lemniscus or fillet, to the thalamus of the opposite side. 
Third axons arise from cells in the thalamus and run to the cerebral 
cortex. Some of the fibers of the fasciculi do not reach the medulla 
hut terminate at various levels in the gray matter of the spinal cord. 
These fasciculi convey impulses concerned in proprioceptive reflexes, 
and in the sensations of posture, spatial judgment, and the like, which 
may give rise to conscious reactions. They also mediate to some ex¬ 
tent touch and pressure sensations, and they have cerebellar connec¬ 
tions. The fasciculi are best developed in primates (Weil), although 
they are present in all mammals. 

Dorsal Spinocerebellar Tract. The fibers of this tract arise from 
the cells of the nucleus dorsalis on the same side and pass to the 
cerebellum by way of the posterior peduncle or restiform body. The 
tract conveys proprioceptive impulses from muscles and tendons of 
the limbs. It does not respond to the stimulation of cutaneous afferent 
fibers. The velocity of the nerve impulses conducted in this tract is 
high. The tract is especially well developed in Ungulata, as indicate 

by the size of the restiform body (Weil). # . 

Ventral Spinocerebellar Tract. The fibers of this tract origins e 
from nerve cells in the dorsal column, on the same and opposite sues, 
and enter the cerebellum by way of the anterior peduncle. It conveys 
proprioceptive impulses from the trunk musculature. 

Spinothalamic Tracts. The ventral spinothalamic tract, foun 1 
the ventral funiculus, consists of fibers that originate from nerve ce 
in the dorsal column of the opposite side arid cross the median p a 
in the white commissure. The fibers end in the thalamus in s ^ na £ ra j 
relation to nerve cells from which axons arise to pass to the cere 
cortex. 
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The lateral spinothalamic tract consists of fibers that originate 
from nerve cells in the dorsal column on the opposite side and run in 
the lateral funiculus. The tract ends in the thalamus. From nerve 
cells in this organ axons arise and pass to the cerebral cortex. 

The spinothalamic tracts conduct nerve impulses which mediate 
the following kinds of sensation (Ruch): pressure and touch (in part), 
pain in cutaneous, muscular, and visceral regions, warmth and cold, 
cutaneous tickle, itch, muscular fatigue, bladder and sexual sensations. 

Descending Tracts. The descending or motor tracts connect dif¬ 
ferent parts of the brain with the spinal cord. Some of them originate 
in the cerebral cortex, whereas others originate at various reflex 
centers in the brain-stem. 

Corticospinal Tracts of Man. These are the most important de¬ 
scending tracts in man. Constituting the only direct motor connection 
between the cerebral cortex and the spinal cord, they place the 
motoneurons, and thus the skeletal muscles, under cortical control. 
There are two corticospinal tracts—lateral and ventral—on each side. 
It was formerly believed that the fibers of this tract originated ex¬ 
clusively from the large pyramidal cells of the motor area of the 
cerebral cortex. Recent work (Fulton) makes it evident that only 
a small percentage of the fibers—the fast-conducting ones—originate 
in this way. Motor cells in other regions of the cortex contribute many 
fibers to the corticospinal tract. 

The lateral corticospinal tract, known also as the crossed pyramidal, 
is located in the lateral funiculus. It is composed of fibers that originate 
on the opposite side of the cerebral cortex and cross the median plane 
in the decussation of the pyramids. It comprises most of the fibers 
of the corticospinal system. The tract gradually ends, bv collaterals 
and terminations, in relation to the motoneurons of the ventral column 
in most instances through an interneuron placed between the termina¬ 
tions of the fibers and the motor cells. The ventral corticospinal, or direct 
pyramidal, tract is composed of those corticospinal fibers that do not 
cross in the medulla oblongata. It is much smaller than the crossed 
tract and is found in the ventral funiculus. Its fibers terminate like 
those of the lateral corticospinal tract, but before ending they cross 
to the opposite side of the cord in the white commissure. The tract 
disappears near the middle of the thoracic region of the cord. 

In man approximately 50 per cent of the fibers of the pyramidal 

tract terminate in the cervical segments of the cord, 20 per cent in the 

dorsal segments, and 30 per cent in the lumbar segments (Weil and 
Lassek). 

It may be emphasized that all the corticospinal fibers originate 
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from the cortex on the side opposite to that on which they end in the 
cord. The right cortex therefore controls the muscles of the left side 
of the body and the left cortex those of the right side. 

The cells and fibers of the corticospinal tracts are often referred to 
as the upper motor neurons. The lower motor neurons are the motor 
nerve cells and fibers to the skeletal muscles—the motoneurons. 

Corticospinal Tract of Animals. The corticospinal tract is phylo- 
genetically young, and marked variations in its size and position 
occur. An article by Simpson contains a review of the older literature 
on the pyramidal tract of animals. King made a study of the cortico¬ 
spinal tract in the sheep. The evidence indicated that the tract in 
this animal is in a primitive state of development, for it could not 
be traced farther back than the first cervical segment. Destruction 
of the motor areas in the cerebral cortex did not result in serious 
disturbances of skeletal muscle movement, even just after the opera¬ 
tion. In the light of subsequent work on the corticospinal tract, there is 
doubt that all the cells of origin of the tract were destroyed in King's 
experiments. 

Lassek has made a study of the number and size of fibers making 
up the pyramidal tract of six ungulates (cow, goat, sheep, pig, mule, 
deer). The level at which the study was made was the upper part 
of the medulla oblongata. As judged by the number of fibers present, 
the tract at this level is well developed in the animals studied. In 
the different animals the number of fibers ranged from about 200,000 
to about 500,000. The figure for man is about 1,000,000 fibers. 

The pyramidal tract shows a relatively low conduction velocity. 
In the cat the velocity in the different fibers ranges from 18 to 65 
meters per second (Lloyd). 

That the corticospinal tract places the motoneurons under cortica 
control seems certain, but there is no general agreement as to the na¬ 
ture of the control. Some think that the tract is the conduction pathway 
for volitional and acquired movements. Others believe that it supplies 
tone to the motoneurons. Another line of evidence suggests that i 
exerts an important effect on the interneurons and thus, perhaps, on 
afferent impulses to all levels of the central nervous system. 19 
conceivable that all of these functions are subserved by the tree • 
Perhaps the pyramidal tract has different functions in nnima s o^ 
different phylogenetic development. Lassek, however, makes t e o 
lowing statement: “On the basis of what is known, no tract in 
central nervous system changes in its basic physiology a? 1710 
malian phylogenetic scale is ascended.” 
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Rubrospinal Tract. This tract sends some of its fibers back as far 
as the sacral region. Its fibers originate from the red nucleus of the 
midbrain and immediately after leaving the nucleus they cross the 
median plane. They end in synaptic relation with the motoneurons of 
the ventral column. The fibers of the rubrospinal tract convey impulses 
from the cerebellum, vestibular nuclei, corpus striatum, and premotor 
area to the motoneurons. The tract is not well developed in man but 
is important in most of the lower mammals. It, or a similar tract, 
is prominent in sheep. In this same animal there is another well- 
developed descending tract located in the ventral part of the ventral 
funiculus. It extends back as far as the sacral region. Its fibers end in 
direct relation with the motor cells of the ventral gray column (King). 
The rubrospinal tract is phylogenetically old. 

Tectospinal Tract. Located in the ventral funiculus, this tract 
originates from the roof, or tectum, of the midbrain (anterior col¬ 
liculus) and ends in the ventral gray column of the spinal cord. Some 
of ihe fibers cross in the dorsal tegmental decussation. The fibers con¬ 
duct to the motoneurons of the muscles of the trunk and limbs impulses 
concerned in optic and auditory reflexes. 

Vestibulospinal Tracts. Of the two vestibulospinal tracts the 
crossed one arises in the medial and spinal vestibular nuclei of the 
medulla and the direct one in the lateral vestibular nucleus of the 
pons. They end in the ventral gray column, some of the fibers extending 
back as far as the lower lumbar region of the spinal cord. The tracts 
conduct to the motoneurons impulses from the vestibular organ 
and cerebellum that arc concerned with tone, synergy, and equilibrium. 

Reticulospinal Tracts. These tracts, two in number, are composed 
of fibers that conduct impulses from nerve cells grouped into two 
masses in the reticular formation of the brain-stem. They terminate, 
probably through interneurons, in relation to nerve cells in the inter- 
mediolateral and ventral columns of gray matter. Thus impulses would 
be transmitted to the periphery via the sympathetic system and the 
motoneurons. The effects on the latter structures are facilitation and 
suppression (inhibition). 

Fasciculus Proprius. Surrounding the gray matter are numerous 

short ascending and descending fibers constituting the fasciculi proprii 

or ground bundles. These fibers begin and end in the gray matter 

and connect the different segments of the cord. They are concerned 

in intersegmenta] spinal reflexes. The neurons of which the fibers 

are a part are intemeurons. A fasciculus proprius is found in each 
funiculus. 
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REFLEX ACTION: THE SPINAL ANIMAL 

A reflex act is the involuntary production of activity in some 
effector (muscle, gland) by the stimulation of a receptor. The simplest 
reflex arc or circuit consists of a receptor, an afferent neuron, an effer¬ 
ent neuron, and an effector, or organ of response. The minimum 
theoretical number of neurons in the reflex arc is therefore two. 
However, most reflexes require at least one interneuron. 

One afferent neuron makes many central connections, thus bring¬ 
ing about divergence of a path. One motor neuron receives impulses 
from many other neurons by reason of convergence of paths. 

The neuron is the structural basis of the nervous system, and it is 
often said to be the functional basis also. Since, however, a single 
neuron is not concerned in performing nervous functions, the reflex 
arc in its various forms constitutes the real physiological basis of 
nervous function. 

The statement that a reflex act is an involuntary act may be em¬ 
phasized. The so-called voluntary acts are not included in the reflexes; 
but the fundamental nervous mechanism of the production of the two 

kinds of acts is similar. Although all reflexes are performed in- 

# • 

voluntarily, many are accompanied by or followed by reactions in 

consciousness. Thus when the skin comes in contact with a hot object, 

_ • 

the limb is reflexly drawn away; but the animal is conscious of pam 
because of the conduction of impulses to higher levels of the nervous 
system. Acquired movements requiring great skill, as piano playing, 
are not reflexes. They belong to the group of acquired automatisms. 
Reflexes (the unconditioned reflexes of Pavlov) belong to the nervous 
organization with which an animal is equipped at birth; they are 
inborn and transmitted by heredity. In some instances they develop 
only fairly late in life, nevertheless they are innate. 

Although the true reflexes take place through the spinal cord anc 
brain-stem, the cerebral cortex exercises control over many of them. 
Therefore in order to study reflexes uncomplicated by cortical contro 
or interference, it is necessary to separate from the cerebrum t ie 
part of the nervous system to be studied. If the spinal cord is separate 
from the brain, a spinal animal results, and in this greatly simp i e( 
nervous system reflex activity can be studied. The nervous mechanisms 
that remain functional in such an isolated spinal cord are the a 
neurons, the interneurons of the fasciculi proprii, and the c ere 

or motor neurons. p r 

The spinal frog is admirably adapted to the study of reflexes. ^ 
several minutes after the brain is destroyed, the frog remains ijjnP ^ 
reflex activity of the cord is absent. This condition of spina s 
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disappears in a few minutes, and response to peripheral stimulation 
returns. The frog, motionless when not subjected to peripheral stimula¬ 
tion, shows muscular contraction when the skin is stimulated: if a 
toe is pinched, the leg is drawn up; if acid is applied to the skin, an 
attempt is made to scratch it away; if the warmth receptors are 
stimulated, vigorous contractions may occur. 

Spinal mammals may also be prepared. However, spinal shock is 
a much more serious condition in the mammal than in the frog and 
a much longer time is required for its disappearance—hours in the 
dog and cat, weeks in primates. It is therefore often an advantage in 
studies of the spinal mammal to use the “chronic” spinal preparation. 
In order for the phrenic innervation to remain and breathing therefore 
to continue, the transection in the survival spinal preparation must 
be below the fifth cervical segment. If transection is made at a higher 
level, artificial respiration must be provided. 

In the acute spinal preparation the neuraxis is generally transected 
between the medulla and spinal cord. 

The nature of spinal shock has been studied by many workers, 
but no fully satisfactory explanation of the condition is available. 
The most acceptable view is that nerve impulses which normally 
descend from some supraspinal level to the spinal cord and maintain 
its motor nuclei in a normal state are cut off. This effect is believed 
to be transmitted from the medulla to the spinal cord via the reticulo¬ 
spinal systems. One system exerts a facilitatory effect on the spinal 
motoneourons and the other a suppressor or inhibitory effect. In spinal 
shock the net effect is lack of facilitation, with marked depression 
of the spinal reflex centers. After a time the spinal centers regain much 
of their former activity, but of course the influences of the parts of 
the nervous system above the level of transection are permanently 
absent. Spinal shock is therefore a “release phenomenon,” the spinal 
centers being released from facilitation by surpraspinal centers. 

If the neuraxis is transected in the region of the midbrain, a 
bulbospinal (decerebrate) animal results, in which there is great 
exaggeration of the standing reflex, the extensor muscles showing 
strong contraction. This condition, known as decerebrate rigidity, is 
discussed elsewhere (p. 7G6). The books by Sherrington and Creed and 
associates contain the results of comprehensive studies of the spinal 
reflex mechanism. While many reflexes take place through the spinal 
rord, it is not the only seat of reflex action. The brain-stem, to be 
studied in another chapter, is also an important scat. 

Possible Combinations of Neurons in Reflex Arcs. It has been 
pointed out (Herrick) that neurons may be so combined and com- 



750 


PHYSIOLOGY OF DOMESTIC ANIMALS 


pounded as to give at least five types of reflex arcs. It should be 
understood, however, that the neuronal mechanisms actually em¬ 
ployed are much more complicated than any of those here described 
and illustrated. Following are the types: 

!• The simplest reflex arc imaginable would consist of two neurons 
(Fig. 178, 1). 

2. Several simple reflex arcs may be united in series so as to give 
a chain of reflex arcs (Fig. 178, 2). Activity in the first simple arc 



Fia. 178.—Diagrams showing the relations 
of neurons (simplified) in various types 
or reflex arcs: 1, simple reflex; 2, chain 
reflex; 3, arrangement illustrating either 
allied or antagonistic reflex and show¬ 
ing divergence; 4, arrangement illustrat¬ 
ing either allied or antagonistic reflex, 
final common path (F.C.P.), a nf f con ‘ 
vergence; 5, arrangement illustrating re¬ 
flexes involving correlation. R, receptors, 
C, centers; E, effectors. (Modified from 
Herrick.) 


stimulates activity in the second, which in turn stimulates the thir , 
and so on. Possibly some of the complex nervous reactions known as 
instincts are chain reflexes. 

3. Neurons may be so compounded in the reflex arc that stimu 
of one receptor causes response in one or both of two effectors l 
178, 5). The afferent neuron is thus in synaptic relation with t\vo e er^ 
ent neurons. If the effectors can co-operate in the production o e g 
sponse, the mechanism is similar to that of the simple reflex, u ^ 
response is more complicated. Such a reflex is designated as an ? j 
reflex. If the effectors produce opposite effects, such as fl # re P r0 nerve 
by antagonistic muscles, a condition of dilemma is set up in ie n 
centers. The result is that either no effect at all takes place or 
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one efferent path is taken, the other being excluded. The state of the 
centers or the effectors may determine which path is selected. 

This arrangement of neurons illustrates divergence of a conduction 
pathway. 

4. Neurons may be so arranged that two or more afferent neurons 
are in synaptic relation with only one efferent neuron (Fig. 178, 4)- 
This is the converse of the case just described. If two receptors when 
stimulated call forth the same kind of response, the response will be 
increased if they are stimulated at the same time. This is a case of 
reinforcement, or facilitation, and another instance of an allied re¬ 
flex. However, if the receptors when stimulated arouse opposite results, 
a condition of dilemma in the nerve center occurs upon their simulta- 



Fig. 179.—AE, two-neuron circuit. A, B, E, three-neuron circuit. 

A, C, D, E, multiple-neuron circuit, closed and self-re-exciting 
at C. (From Larsell, O. Anatomy of the Nervous System, 2nd 
ed. Courtesy Appleton-Century-Crofts, Inc.) 

neous stimulation. The dilemma is resolved by one or the other afferent 
neuron gaining control of the single pathway to the effector—the final 

common path. A motor nerve to muscle is a group of final common 
paths. 

This arrangement of neurons illustrates convergence of a conduc¬ 
tion pathway. 

5. Another arrangement of neurons in a reflex arc connects two 
centers in such a way that stimulation of either of two receptors may 
cause reflex response in one or both effectors. The connections between 
centers are established by intemeurons (Fig. 178, 5). The elements 
°f a simple nervous system are contained in this arrangement. 

'Ihc neuronal arrangements just mentioned, and represented in 
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Fig. 178, illustrate open neuronal circuits, simple and parallel. There 
exists also the closed, self-re-exciting circuit, in which a given neuron 
can be re-excited by impulses reaching its cell body via a branch 
of its axon through the medium of one or more interneurons. It is 
believed that all neuronal circuits conform to these principles. A 
closed self-re-exciting circuit is shown in Fig. 179, as are also two 
open circuits. 

Conduction in the Reflex Arc Contrasted with Conduction in Pe¬ 
ripheral Nerves. Conduction in peripheral nerves is described else¬ 
where (Chapter XXIX). The type of conduction in the reflex arc dif¬ 
fers functionally in certain respects from that in peripheral nerves, as 
has long been recognized. Following is a summary of differences that 
have been emphasized by Sherrington, Forbes, Gerard, and others. 
Conduction in the reflex arc shows: 

1. Slower speed, as revealed by the time elapsing between the 
application of the stimulus and the production of the response. 

2. Summation, single stimuli often being ineffective in producing 
a reflex response, whereas repeated stimuli are summated in the reflex 
centers to produce an effect. 

3. After-discharge, which means that the response may continue for 
a while, sometimes several seconds, after the cessation of the stimulus. 

4. Irreversibility, impulses being capable of passing from the 
afferent to the motor neurons but not in the opposite direction. 

5. Fatigue under prolonged stimulation, contrasted with the prac¬ 
tical indefatigability of peripheral nerves. 

6. Variations in the threshold, or minimum strength of effective 
stimulus. 

7. Reinforcement, facilitation, or the discharge of several neurons 
into a single final common path. 

8. Inhibition, or the stopping of reflex activity in motor neurons by 
the stimulation of other afferent neurons. The inhibition occurs in the 
motor centers. 

9. Greater dependence on the supply of blood and oxygen. 

Evidently a number of the differences between conduction in tie 

reflex arc and in peripheral nerves, as just enumerated, are similar o, 
or identical with, the properties of the synapse, to which reference 
already has been made (p. 732). The usual view is that the synapse 
is responsible for these differences. A fundamental question rc ^ nr 
the known differences between conduction in peripheral ner\es an ^ 
reflex arcs is: Can these differences be explained in terms of ncr\e co ^ 
duction as it is understood to take place in peripheral n crve ® ! * ft | 
necessary to assume that the differences are due to some a 1 
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capacities of the central nervous system? This question has been 
actively studied but no simple answer is available. It is believed 
by most workers that the difterences are much less fundamental than 
a cursory examination of the subject might suggest. Much basic 
similarity between the two types of conduction exists. 

Several of the properties of conduction in the central nervous 
system as indicated above require further consideration at this time. 

Central Excitatory State and Spatial Summation. When two 
afferent nerves that act on the same reflex center are stimulated one 
after the other, summation of the effects can be obtained even though 
each volley of impulses is by itself ineffective in causing a reflex re¬ 
sponse. The first volley causes some change, or central excitatory state 
(c.e.s.), to be set up in the nerve centers, as a result of which the 

, \ 1 1 w e 1 f ineffective, will cause the motoneurons to 

discharge and a reflex to be executed. It is supposed that spatial sum¬ 
mation occurs in such cases. The first volley causes an excitatory 
state to be set up on the surface of a neuron, which spreads some 
distance from the place where the functioning terminal knob con- 
tac ts the nerve cell body of the next neuron. Another volley arriving 
within the period of the excitatory state would create an effect which 
would be summated with the previous effect and the motoneuron 
would fire. Spatial summation could occur if the impulses arrived 
simultaneously or at any time during the existence of c.e.s. 

The exact nature of c.e.s. is not known. Probably depolarization 

of the parts of the surface of the motoneuron cell body underlying and 

adjacent to the terminal knobs is a factor. The arrival of the next 

impulse or volley of impulses would find the stage set for effective 

action. At some synapses the release of acetylcholine or other chemical 

substances may occur. All synapses do not necessarily function in the 
same way. 

After-Discharge. This means the continued firing of the reflex 

center after the external stimulus has ceased to act. It is believed to 

icsult from the continued arrival at the motoneurons of excitatory 

impulses from interneuronal paths of various lengths, complexity, and 

conduction speeds. A sort of reverberation in the central nervous 

system occurs. Closed self-re-exciting circuits might contribute to this 
action. 

Facilitation. This is exemplified in the excitation of motoneurons 
>v the reticulospinal system. Impulses reaching the spinal centers 
over this system not only act directly on the motoneurons but, more 
importantly, bring interneuronal circuits into powerful action, which 
orce is also applied to the motoneurons. Thus facilitation occurs. It 
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is evidently related to after-discharge and is probably explainable 
in the same way. 

Central Inhibition and Reciprocal Innervation. When two groups 
of muscles are so situated that they act in opposite ways on the same 
structure, they are said to be antagonists. The extensors and flexors of 
the limbs are good examples of antagonistic muscles. When one 
muscle contracts, any contraction of its antagonist must be inhibited 
if effective results are to follow. Inhibition of the antagonist is effected 
centrally and not peripherally, for skeletal muscle, unlike cardiac 
muscle and some other visceral muscles, does not possess inhibitory 
nerves. Inhibition is brought about by the cessation of discharge 
along the motoneurons. Many experimental facts about central inhibi¬ 
tion are known (Creed and co-workers, Fulton), but the nature of the 
inhibitory process is unknown. One form of central inhibition may be 
the result of polarization effects at the surface of the cell bodies of the 
motoneurons. A period of subnormal response in peripheral nerve has 
been demonstrated and the suggestion has been made that central 
inhibition, or a form of it, is an analogous condition. Inhibitory 
chemical substances may be released at the synapse in some instances. 

The inhibition of a flexor muscle when the extensor is contracting 
and the inhibition of an extensor when a flexor is in action illustrate 
what has been termed reciprocal innervation of antagonistic muscles. 
In the spinal reflexes, shortly to be considered, and in locomotion, the 
mechanisms of reciprocal innervation must be called into use. 

SPINAL REFLEX MECHANISM 

The nerve fibers of the dorsal roots of the spinal nerves are 
afferent, while those of the ventral roots are efferent. These facts 
arc now so well established that they are often referred to as 
the Bell-Magendie law,' named after the independent workers who 
made the basic observations early in the last century. The cells o 
origin of the dorsal root fibers are located in the dorsal root ganglia, 
those of the ventral root fibers, in the ventral and lateral gra> 
columns. According to the theory of neural components the nervous 
system may be divided into functional components as follows: sorT1 ® 1C 
afferent, somatic efferent, visceral afferent, visceral efferent. ie 

" " « .• tliC 

somatic components are concerned chiefly in the regulation 
somatic mechanisms of the body. The visceral components are con 

* Apparent exception.* to tho Bell-Mnirondie law linvo been announced from ti ^ ,j or *al- 
but most of thorn hnvo not boon impporled by further work. The possible oX a |jjj un . 

root ofToront vn*o<] il/itor fiber* i* mentioned ol*owhoro (p. 204), but tho muter 
tottlod. 
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cerned mainly in the regulation of the visceral mechanisms. However, 
there is a good deal of physiological overlapping on the afferent side. 

The afferent fibers of the spinal nerves are either somatic or vis¬ 
ceral. The somatic afferent fibers are either exteroceptive, coming from 
the skin, or proprioceptive, coining from muscles, tendons, and joints. 
The visceral afferent fibers are interoceptive. The efferent fibers of the 
spinal nerves are either somatic or visceral. The somatic efferent fibers 
innervate skeletal muscle. The visceral efferent (autonomic) fibers 
supply visceral muscle and glands (Fig. 180). 



Fig. ISO.—Schematic diagram of a section through a spinal nerve and 
the spinal cord to show the functional components of the nerve. 
(From Ranson, Anatomy of the Nervous System; copyright— 
W. B. Saunders Company.) 


After entering the spinal cord, all afferent nerve fibers establish 
two kinds of connections: (1) for intrinsic reflexes of the cord and 
(2) for the conduction of their impulses to the brain. 

Intrinsic Spinal Reflexes. The simplest possible reflex arc consists 
of two neurons, afferent and efferent. It may be doubted, however, 
whether reflex arcs consisting of only two neurons actually exist. In the 
spinal cord an interneuron, or a chain of such neurons, is inter- 
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posed between the afferent and efferent neurons. Its function is to 
bring the afferent neuron into relation with many efferent neurons 
located at different levels and on one or both sides of the cord. These 
interneurons belong to the fasciculus proprius system (p. 747). When 
it is considered that a dorsal root fiber gives origin to ascending and 
descending branches, that these give off numerous secondary branches, 
each of which may end in synaptic relation with an interneuron, and 
that each interneuron may be in physiological connection with other 
interneurons or motor neurons, it is evident that nerve impulses in 
one afferent neuron may arouse activity in innumerable motor neurons. 
It may be stated ns probable that each afferent neuron is in potential 
functional connection with all motor neurons of the spinal cord. How¬ 
ever, such diffuse connection as this is not called into use under 

Fig. 18 L—Diagram¬ 
matic representation 
of a reflex arc involv¬ 
ing one segment of the 
spinal cord. R, recep¬ 
tor; D.R.G., dorsal 
root ganglion; C, cor¬ 
relation neuron (inter¬ 
neuron), making pos¬ 
sible a crossed reflex; 
M, motor neuron; E, 
effector (skeletal mus¬ 
cle). 

physiological conditions; but in strychnine poisoning all these avenues 
may be open. A reflex arc involving one segment of the spinal cor 

is shown diagrammatically in Fig. 181. . . 

Following are some of the reflexes clicitable in the spinal amnia 
The knee-jerk is a reflex induced by a light blow struck on the pa e a 
tendon. The knee-jerk of the spinal animal is a short tetanus, 
reflex results apparently from stimulation both of tension and s re 
receptors. Other tendon-jerks arc elicitable. The flexor reflex is 
contraction of the flexor muscles of the hind limb caused by s in j u 
tion of any sensory nerve of the limb. All the joints are mvo 
This reflex is likewise a short tetanus. It is well defined in ie sp ^ 
animal, often right after spinal transection as well as later. ,j g 
intact animal this reflex is generally a nociceptive response, ^ 

a reaction to a harmful stimulus. The extensor thrust is a re ex 111 g _ 
strong brief extension of the homolateral hind limb results rom^^ 
sure to the foot pads or from quick separation of the toes. 
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comes into play in locomotion, especially at high speeds where thrust 
of the limb against the ground is required. The reflex is also probably 
concerned in expelling foreign bodies from between the toes. The 


crossed extensor reflex is more complicated than any of the foregoing. 
It is called forth bv stimulation of any sensory nerve of the contra¬ 
lateral hind limb. It is an attitudinal reflex and will be referred to 


again under the postural reflexes (p. 766). 


In the iiTact animal this 


reflex prevents the body from sinking under gravity when the opposite 
limb is raised by a flexion reflex. The scratch reflex (dog) is evoked 
by stimuli applied to the skin in a saddle-shaped area c n the back, side, 
and flank. This reflex consists of a scratching movement of the homo¬ 
lateral hind limb, the frequency of the flexions being about four per 
second. The spinal animal even shows under certain conditions of 
stimulation a definite stepping reflex. In fact, as pointed out by 
Sherrington, much of the reflex activity of the limb of the spinal dog 
is adapted to locomotion. 


If a quiet animal (dog, cat) is chosen and care is taken not to 
excite it, most of the foregoing spinal reflexes can be elicited in the 
fully intact animal. However, a detailed experimental analysis of the 
reflexes cannot be made in this wav. 


CONDUCTION PATHWAYS BETWEEN THE SF INAL 

CORD AND BRAIN 

I he fiber tracts in the spinal cord have already been studied. It 
now remains to view these tracts as parts of physiological conduction 
pathways between the spinal cord and brain. 

Afferent Systems. As previously stated, all afferent nerve fibers 
entering the spinal cord establish connections for intrinsic reflexes and 
for the conduction of impulses to the brain. The conduction pathways 

are made up of fibers bearing impulses from the proprioceptive and 
exteroceptive fields. 

Proprioceptive Pathways. Nerve impulses originating in the pro¬ 
prioceptive field travel by one of two pathways to the brain. If the 
impulse is destined for the cerebral cortex, its conduction fiber, enter¬ 
ing the cord via the dorsal root, finds its way into the dorsal funiculus 
and passes to the medulla oblongata in either the fasciculus gracilis or 
asciculus cuncatus. In the nucleus of one or the other of these fasciculi 
ie fiber terminates. A second neuron then continues the pathway in 
the medial lemniscus, to the thalamus of the opposite side, from which 
a third neuron runs to the cerebral cortex (Figs. 185, 186; pp. 786, 787). 

’i ers conducting proprioceptive impulses destined for the cerebel- 
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luin enter the spinal cord in the usual way but terminate around nerve 
cells of the dorsal gray column. Fibers arising from these cells enter 
the dorsal or ventral spinocerebellar tract and pass to the cerebellum. 

Exteroceptive Pathways. Fibers from the exteroceptive field (touch 
and pressure, pain and temperature) enter the spinal cord in the dorsal 
roots and almost immediately penetrate the gray matter, where they 
terminate in relation to neurons of the second order in the dorsal 
column. Axons arising from these nerve cells cross to the opposite side 
of the cord and either enter the ventral spinothalamic or the lateral 
spinothalamic tract. They end in the thalamus in relation to neurons 
of the third order, whose axons pass to the cerebral cortex (Fig. 186, 
p. 787). It is evident from the discussion on p. 745 that some intero¬ 
ceptive impulses also travel in the spinothalamic tracts. 

Efferent Systems. Nerve fibers bearing motor impulses from the 
cerebral cortex descend, without a break, in the corticospinal tracts 
and end in relation to the motor nerve cells of the ventral gray column. 
As a rule an interneuron is interposed between the terminations of the 
fibers of the pyramidal system and the motor cells of the ventral 
column. These motoneurons are the final common paths to the skeletal 
muscles. 

Nerve fibers from reflex centers of the brain-stem (acoustic, optic, 
vestibular) descend in such tracts as the tectospinal and vestibulospinal 
to end around the motor nerve cells of the ventral column. They convey 
to the motoneurons impulses concerned in acoustic, optic, and vestibu¬ 
lar reflexes. 

Nerve impulses from faeilitatory and inhibitory areas in the reticu¬ 
lar formation of the brain-stem are conducted to the motoneurons via 
the reticulospinal tracts. They operate mainly through interneurons 
of the cord. 

Efferent paths from the cerebellum convey to the motoneurons 
impulses concerned in the delicate adjustment of the complex m°' c 
ments caused by the contraction of skeletal muscles. Three neurons arc 
present in this path. The first is a Purkinje cell of the cerebellar cor ex 
from which an axon runs to the dentate nucleus of the cere c un^. 
where it ends in synaptic relation with a second neuron. This nel "^ 
sends a fiber to end around a nerve cell of the red nucleus, from w 1 
a third axon passes, in the rubrospinal tract, to the motoneurons 

the spinal cord. reach 

Nerve impulses from the corpus striatum and premotor area r 

the motoneurons via the rubrospinal tract. nrU j 

Efferent pathwavs are shown in Figs. 183 and 185 (pp> 

786). 
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r iPIlE brain-stem includes approximately the same parts of the brain 
X as the segmental apparatus, which is so called because it still shows 
to some extent the segmental arrangement characteristic of the primi¬ 
tive neuraxis. This arrangement is well preserved in the spinal cord. 
1 he cerebellum and cerebral hemispheres, being more recent acquisi¬ 
tions b) the organism, are sometimes spoken of as suprasegemental ap¬ 
paratus. The principal structures entering into the formation of the 

brain-stem are the medulla oblongata, pons, midbrain, interbrain, and 
basal ganglia. 

The midbrain, interbrain, and basal ganglia are parts of the cer¬ 
ebrum, but for convenience the significance of the midbrain and inter- 

rain will be considered here. The basal ganglia will be discussed in 
a subsequent chapter. 

MEDULLA OBLONGATA, PONS, AND MIDBRAIN 

The functions of the medulla oblongata may be stated in terms of 

i s content of white and gray matter. (1) It contains the fiber tracts 

connecting the higher parts of the brain and the spinal cord; and (2) it 

contains the primary sensory and motor nuclei, or centers, of several 

o ie cranial nerves and the correlation neurons between these sensory 

fw raot ° r centers, which arrangement enables a great number of re- 
uexes to take place. 

nr P ° nS ' S m! " le Up 0f a <lors!l1 or tegmental part and a ventral 

tom;? 1 .. Pa J r ‘\ Thc clor ? al part resembles th e medulla oblongata ana- 

tinuati ' n”,‘ P iySlol ° elcally and lna y be regarded as its forward enn- 

cosn^naMrlr r ra ! part ° f thC PO,,S COntains thc fibels of tire eorti- 
fi | P fr .r f,be ' S r ‘,° m tho rerebrum to the nuclei of the pons, and 

cortical . ,‘ CSC th ° <Crebcllum - Tl,c course and function of the 
tioned Pma , t rac t are discussed elsewhere. The other fibers just men- 

fibers originate" fr “ c “ tlco P° nt0 «rebellar path. The cortieopontilc 

the cells of tl e n . CC b of the c °rebral cortex and terminate around 
cells of the nuclei of the pons. The latter cells give origin to ponto 
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cerebellar fibers which cross the median plane and penetrate the cere¬ 
bellum by way of the brachium pontis, or middle cerebellar peduncle. 

The midbrain or mesencephalon consists of two parts: a dorsal part, 
the corpora quadrigemina or colliculi—four rounded prominences, two 
anterior and two posterior—and a ventral part, the cerebral peduncles. 
The anterior pair of colliculi is chiefly a visual reflex center; the pos¬ 
terior pair, chiefly an auditory reflex center. Cross sections show that 
each cerebral peduncle is made up of three parts, which, from above 
downward, are the tegmentum, substantia nigra, and basis pedunculi. 
The tegmentum may be regarded, structurally and functionally, as a 
forward continuation of the dorsal part of the pons. It contains the red 
nucleus and the nuclei of the trochlear and oculomotor nerves. The 
substantia nigra is composed chiefly of deeply pigmented nerve cells 
of unknown functional significance. The basis pedunculi consists of 
descending fibers including the corticospinal, corticobulbar, and corti- 
copontile tracts. 

Many of the foregoing facts and others with respect to the medulla, 
pons, and midbrain are illustrated in Figs. 183 and 185. 

Summary of Functions. The medulla oblongata, pons, and mid¬ 
brain contain numerous ascending and descending pathways; the 
sensory and motor nuclei of all the cranial nerves except the first two, 
together with the interneurons between these nuclei; and a large part 
of the central mechanism of the postural reflexes (Chapter XXXIII)- 
In the brain-stem are found also several reflex centers concerned in the 
regulation of important visceral functions such as heart rate, vaso¬ 
motor tone, and motor and secretory activities of the alimentary cana . 

A respiratory center is present in the reticular formation, as are also 
areas that regulate the motor activities of the spinal cord and tha^ 
supply powerful activation to regions of the forebrain. Reference i- 
made to these centers in appropriate places. The exact locations anc 

the boundaries of the centers are not well known. 

Cranial Nerves. All the cranial nerves except the first two o ac^ 
tory and optic—are connected with the medulla oblongata, P ons ' ° 
midbrain. The spinal nerves are arranged in a definitely segmcri 
manner, and this was the primitive condition in the cranial nerves,^ 
in the adult mammal their segmental arrangement has been 
altered on the afferent side so as to allow afferent fibers posses ^ 
similar physiological functions to discharge into a single ecn 
brain-stem. As regards the motor roots and nuclei, the segmen a ^ 
rangement is still fairly evident (Herrick). For the arrangemen^^^ 
cranial nerves books on anatomy and neurology should be co 
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INTERBRAIN 


The interbrain or diencephalon comprises, from below upward, the 
hypothalamus, thalamus, and epithalamus. The hypothalamus contains 
the hypophysis or pituitary body, the mammillary body, which is paired, 
and the tuber cinercum. The hypophysis is an endocrine gland. The 
mammillary body and tuber cinereum constitute what is commonly 
meant by the hypothalamus in physiological literature. The hypothala¬ 
mus is largely concerned in the integration of functions carried out 
through the autonomic nervous system. Located in the posterior part 
of the hypothalamus is a central mechanism through which the entire 
sympathetic system can be called into action. It is the central mecha¬ 
nism mediating the emergency function of the sympathetic (p. 812). A 
heat-regulating center is located in the hypothalamus. There is also 
evidence that parasympathetic integration is effected by hypothalamic 
centers, especially in the middle and anterior portions. The centers of 
the hypothalamus are subject to regulation by the thalamus, corpus 
striatum, and cerebral cortex. 

The epithalamus contains the epiphysis or pineal body and the 

habenula. The epiphysis of higher vertebrates possibly functions 

as an endocrine gland. The habenula is an olfactory correlation 
center. 


The thalamus (Figs. 183, 185, 186), the largest component of the 
interbrain, consists of a great number of nuclei which may be divided 
mto three main groups (Fulton): (1) those that relay to the cerebral 
cortex impulses from the somatic afferent systems and from the paths 
of special sense, (2) association nuclei, having connections with other 
regions of the interbrain or with the cerebral cortex, and (3) nuclei 
with purely subcortical connections. 


Impulses concerned with touch, warmth, cold, localization of sen¬ 
sation (especially pain), taste, proprioceptive sensibility, vision, and 
icaring are poured into the thalamic nuclei, for relay to the cerebral 
cortex. Thus the spinothalamic tracts (touch and pressure, localization 
of pam, warmth, cold, and so forth) and the medial lemniscus (pro¬ 
prioceptive sensibility) end in the ventral posterior nucleus of the 
lalamus from which the path is continued to the cortex via the so- 
mesthctic radiation. Audition involves the medial geniculate body and 
vision the lateral geniculate, with relays in both instances to the 
cerebral cortex. All sensory impulses (except olfactory) destined for 
. G cerebral cortex pass through the thalamus, which is therefore a 
elay station for the great afferent systems. In addition, impulses from 
cerebellum to the cerebral cortex concerned with unconscious pro- 
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prioceptive functions enter the ventral lateral nucleus of the thalamus, 
from which they are relayed to the cerebral cortex. 

I he association nuclei of the thalamus send fibers to the cerebral 
cortex and they make numerous connections with the nuclei that give 
rise to the somesthetic and other radiations. There is also a corticotha¬ 
lamic system of fibers, the functional significance of which is not clear. 
They doubtless enable the cortex to exert some sort of regulatory 
influence over the thalamic centers. 

The significance of the nuclei having purely subcortical connections 
is not well understood. They are probably concerned with visceral 
functions and associative actions within the interbrain. When the 
cerebral cortex is removed, these nuclei arc not affected by any de¬ 
generative process. 

The subthalamic portion of the thalamus is believed to be a motor 
co-ordination center. 

Many workers have emphasized the close functional relationship 
between the thalamus and the cerebral cortex. Head and Holmes be¬ 
lieved that in man certain of the thalamic nuclei are the terminal 
centers of nerve impulses that arouse conscious reactions of the aflective 
or emotional type—reactions concerned with pleasure and discomfort. 
These arc the more primitive sensations, which lack discriminative 
qualities. The cerebral cortex receives those sensations requiring dis¬ 
crimination. 

Thalamic functions have been studied by a variety of experimental 
methods: separation of the thalamus from the cortex by decortication, 
destruction of or injury to various portions of the thalamus, electrical 
stimulation, the recording of electrical changes (electrothalamograms), 

strychninization of the thalamus, and others. 

CEREBELLUM 

Anatomical. The cerebellum is a part of the suprascgmcntal ap 
paratus. It is an outgrowth of the medulla, especially of the vestibu ar 
nuclei. The cerebellum consists of two fundamental parts: a floccu o 
nodular lobe, or vestibular portion, and the corpus cerebelli, or spino^ 
cortical portion. The flocculonodular lobe sends fibers to and receive^ 
fibers from the vestibular nuclei. It is concerned with equilibrium. ^ 
cause it is phylogcnctically the most ancient part of the ccrebc u,a ^. 
is sometimes referred to as the archiccrcbellum. The corpus cere 
consists of a phylogcnctically old portion, the paleocerebcllum,^^ 
corned with postural adjustments and tonus, and a ncoccre 
portion, which co-ordinates volitional movements. 
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Section through the cerebellum show that it consists of a white 
core covered with a cortex of gray matter. The white core is composed 
in the main of fibers that enter and leave the cerebellum by way of 
the three pairs of peduncles, which attach the organ to the underlying 
brain-stem. Located in the white matter are the several cerebellar 
nuclei. The cerebellar cortex is composed in large part of nerve cells. 

The cerebellar peduncles are (1) the posterior peduncle or resti- 
form body, (2) the middle peduncle or brachium pontis, and (3) the 
anterior peduncle or brachium conjunctivum. These peduncles contain 
the fiber tracts leading to and from the cerebellum. The tracts of the 
posterior and middle peduncles are principally afferent; those of the 

anterior peduncle are, with the exception of the ventral spinocerebellar 
tract, efferent. 

The cerebellum in relation to the subcortical motor system is shown 
in Fig. 183 and in relation to the cortical motor system in Fig. 18o. 

Cerebellar Functions. In an effort to solve the problem of cerebellar 
function, investigations have proceeded along three main lines: mor¬ 
phological, experimental, and clinical. A few of the morphological 
aspects of the organ have just been given. Experimental inquiry has 
involved the use of three main methods, namely, extirpation, electrical 
stimulation, and the recording and plotting of electrical changes in the 
cerebellar cortex when receptors are stimulated. Careful studies of 
clinical cases have often yielded Illuminating results. 

The cerebellum may be said to comprise three organs, each with its 
own function. (1) The flocculonodular lobe through its connections with 
the vestibular nuclei helps in the control of equilibrium. (2) The paleo- 
cerebellum, receiving impulses from the spinal cord and the vestibular 
nuclei, is concerned in the integration, facilitation, and inhibition of 
the postural reflexes. The anterior lobe (a part of the palcocerebellum) 
also inhibits and facilitates movements of cortical origin. (3) The 
neocerebellum is an organ for the reception of impulses from the entire 
proprioceptive field, including the vestibular receptors, and for the 
discharge of motor impulses whose function is to co-ordinate or syn- 
nrgizc the complex movements occasioned by the activity of skeletal 
muscles. This function of co-ordination is probably carried out by close 
co-operation of the cerebellum with the cerebral motor cortex rather 
than by direct participation of the cerebellum in the reflexes of the 

^rain-system and spinal cord. This function is more important in 
primates than in lower mammals. 

Experimental Removal. The cerebellum has been removed experi¬ 
mentally m animals from amphibians to mammals. Extensive studies 
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ha y e been made in pigeons. The decerebellate pigeon is at first unable 
to walk or fly. When walking is attempted convulsions occur. After a 
while the condition improves, and the bird learns to walk, but not 
normally; ability to fly is again acquired, and the maintenance of 
equilibrium becomes good; the capacity to take food returns. Complete 
recovery from cerebellar removal does not, however, take place. Con¬ 
sciousness and sensory phenomena are unaffected, even from the first; 
the signs are entirely of motor origin. Cerebellar extirpation in the 
rooster has been found to produce signs similar to those just described. 

Luciani was the first to make extensive studies of the effect of 
cerebellar removal in mammals. The animals used in his studies were 
dogs and monkeys. Luciani divided the signs of cerebellar removal 
into three groups, which, in the order of their appearance, comprised 
(I) functional exaltation, (2) functional deficiency, and (3) compensa¬ 
tion. 

During the period of functional exaltation there is agitation, un¬ 
rest, opisthotonos, tonic extensor spasms of the front limbs, alternating 
clonic spasms of the hind limbs, and staggering. The signs resemble 
somewhat those observed in decerebrate rigidity—a condition of greatly 
augmented tonus of the extensor muscles and lack of tonus of the 
flexor muscles seen in animals whose brain-stem is severed in the re¬ 
gion of the midbrain—and are caused in part by a loss of the inhibitory 
influence of the cerebellum over this antigravity reflex. The power of 
locomotion, greatly interfered with, is gradually restored, although 
imperfectly. The signs of functional exaltation subside in 5 to 10 days 
and the deficiency signs supervene. 

Luciani divided the deficiency signs into three groups: asthenia 
or muscular weakness; atonia or diminution of muscular tonus; and 
astasia—a term including tremor, rhythmic oscillating movements, and 
titubation or reeling. 

Compensation makes its appearance during the second phase. For 
the most part functional in character, compensation consists chiefh 
in abduction of the limbs in walking, so that the base of support o 
the body is widened and the center of gravity lowered. Thus the ani¬ 
mal is less likely to fall. Functional compensation is believed to c 
due to the assumption of increased control over the muscles by e 
cerebrum. 

Since each half of the cerebellum exerts its influence over the cor 
responding half of the body, ablation of half of the organ procuces 
signs on the operated side similar to those produced when the woe 
organ is removed. 



BRAIN-STEM AND CEREBELLUM 


765 


The effects of partial decerebellation depend on the region removed. 
Isolated lesions give different responses that depend on the location 
of the lesion. Damage to the flocculonodular lobe, for example, results 
in severe disorders of equilibrium. 

The nodulus and uvula (in the dog) contain the central mecha¬ 
nisms concerned in motion sickness. Removal of these structures makes 
the animals permanently immune to this condition (Tyler and Bard). 
The disturbance of equilibrium that follows the ablation is soon com¬ 
pensated for. 

It is generally recognized in mammals, as in lower vertebrates, that 
removal of the cerebellum produces no disturbance of consciousness 
and sensation. 

Partial agenesis of the cerebellum is sometimes seen in animals. 
Permanent signs of cerebellar deficiency are evident in such cases. 

Electrical Stimulation. Many workers have resorted to electrical 
stimulation of the exposed cerebellar cortex in the hope of throwing 
light on cerebellar function. Contraction or relaxation of skeletal muscle 
is the reaction usually looked for. Although the earlier work gave 
conflicting results, there is now no doubt that stimulation of different 
parts of the cerebellar cortex gives muscular responses of a reproducible 
nature, and various topographic fields of the cortex have been mapped 
in this way. It is the palcocerebellum, concerned with postural re¬ 
flexes, that shows the greatest response to electrical stimulation. Studies 
have been made of the effects of electrical stimulation of numerous 
points in the interior of the cerebellum by means of implanted elec¬ 
trodes. Somatic movements, autonomic responses, disturbances of equi¬ 
librium, and sensory manifestations were observed (Chambers). 
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MUSCLE TONUS 

M USCLE tonus or tone is that state of muscle tension which en¬ 
ables an animal to assume and remain in the erect attitude. 
Sherrington says, “The reflex tonus is postural contraction. . . . The 
reflex tonus is in short reflex posture.” Tonus, or postural contraction, 
of skeletal muscle is basically a proprioceptive reflex with much of its 
central control resident in the brain-stem. 

Experiments show that tonus occurs chiefly in those muscles con¬ 
cerned in maintaining the animal in an erect attitude. One would 
expect, therefore, to find a high degree of tonus in the muscles that 
counteract the force of gravity—the antigravity muscles. In the stand¬ 
ing attitude it is marked in the extensor muscles of the limbs. It is 
also distinctly present in the muscles that bend the back upward, lift 
the head and neck, keep the jaws closed and the eyes open, and raise 
the tail. It is probably present in the ventral muscles of the abdominal 
wall. The antagonists of these antigravity muscles possess less tonus. 
If the attitude of the animal changes, muscle tonus must also change. 

Although smooth muscle possesses the inherent property of tonus, 
this is not true of skeletal muscle. Tonus in skeletal muscle is cause 
by nerve impulses reaching the muscle from the central nervous system. 
This is shown by the fact that severing the motor nerve of a muse e 
causes it to lose its tonus and become flaccid. Moreover, skeletal muse e 
tonus is a reflex manifestation, the afferent stimuli originating to a con 
siderable extent in the muscles themselves. This is indicated by t e 
decrease or disapperance of tonus in a muscle when its afferent nerves 

are cut. j 

Decerebrate Rigidity. The tonus of skeletal muscles can be 
in the mammalian preparation showing decerebrate rigidity, 
the brain-stem is transected between the anterior colliculi ® ” . . 
vestibular nuclei, decerebrate rigidity develops. The animal ex 11 J nie <J 
this condition is usually designated as a decerebrate animal, some 
as a bulbospinal animal. 
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Decerebrate rigidity is characterized by strong tonic contraction of 
the extensor muscles of the limbs and other muscles concerned in 
maintaining the animal in the erect attitude and by only slight tonus 
of their antagonists. That the muscular contraction in decerebrate 
rigidity is due to the influence of the nervous system may be shown 
by cutting the nerve to the muscle in question, whereupon relaxation 
occurs. The reflex nature of the hypertonus may be shown by section 
of the dorsal roots of the nerves supplying the muscle. This results 
in a decrease, or in some locations a disappearance, of the rigidity. 
Decerebrate rigidity is exaggerated reflex standing; it is a caricature 
of normal standing. 

In the dog and cat the rigidity is evident almost immediately, or 
within a few minutes, after the transection of the brain-stem, but 
additional time is usually required for it to reach its greatest intensity. 
If a survival preparation is made, the rigidity may persist for an in¬ 
definite time. 

Decerebrate rigidity has been produced in animals of many species, 
and the general picture is much the same in the different animals. 
Dukes, Dunks, Jensen, and Lanfair (unpublished) produced decere¬ 
brate rigidity in a young horse by transection of the brain-stem at 
the usual level. The rigidity that followed was very intense. The horse 
could stand if given sufficient support to balance itself. The destruction 
of a small segment of the brain-stem posterior to the level of transec¬ 
tion (region of the colliculi) caused the rigidity to disappear. The 
anesthetic was Nembutal and a chloroform-ether mixture. 

Clark produced decerebrate rigidity in sheep by transection of the 
midbrain anterior to the pons. Typical decerebrate rigidity resulted. 
“There was a severe extension of the limbs coupled with some opisthot¬ 
onos. These spasms were mild at first, but they gradually became 
more severe.” 

Decerebrate rigidity is a release phenomenon. This means that 
nerve centers in the brain-stem which are normally held in check, or 
inhibited, from higher levels of the nervous system become overactive 
"hen the inhibitory pathways are transected. Experimental work shows 
that the lateral vestibular nucleus and a brain-stem facilitatory area 
textending in the reticular formation from the upper part of the 
medulla oblongata as far forward as the interbrain) are the chief re¬ 
flex centers of decerebrate rigidity. When these regions are freed from 
inhibitory control by transection of the brain-stem in the region of the 
midbrain, they become excessively active in transmitting impulses to 
the motoneurons of the antigravitv muscles, and the intense contrac¬ 
tions that characterize decerebrate rigidity result. The lateral vestibu- 
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lar nucleus operates through the vestibulospinal tracts and the brain¬ 
stem facilitatory area through one of the reticulospinal tracts. Another 
factor in the exaggerated muscular contraction is that a bulbar sup¬ 
pressor (inhibitory) area which normally exerts its effect on the moto¬ 
neurons via the other reticulospinal tract is thrown out of action by 
the transection. These systems are shown in Fig. 182 (6, 5, 4) and 
in part in Fig. 183. 

Sources of the Inhibitory Effect. The inhibitory influence that keeps 
the central mechanism of decerebrate rigidity under control is not 
transmitted by the pyramidal pathway; it is an extrapyramidal effect. 



2, caudatospinnl; 3, cerebelloreticular; 4, reticulospinal. Facilitatory 
pathways: 5, reticulospinal; 6, vestibulospinal. (From Lindsley, 
Schreiner, and Magoun, Journal of Ncurophysioloffy, 1919, 12.) 

This was indicated even in the early work, near the turn of the cen 
tury, on decrebrate rigidity. Later experiments tended to show that t ie 
red nucleus is the inhibitory center, but more recent work has demon 
strated that higher levels of the nervous system, including the aSf ^ 
ganglia and cerebral cortex, arc concerned. The evidence is erive 
from transections of the brain-stem above the intercollicular eves 
from decortication experiments, and from electrical stimu a ,on 
various levels and places. Part of the inhibitory effect arises in 
paleocerebellum (p. 763). If this portion of the cerebellum is des ro> ^ 
in a decerebrate animal, the rigidity becomes more intense, ourc 
inhibition are shown in Fig. 182. 
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Mechanism of Muscle Tonus. That the tonus of skeletal muscles 
is maintained by impulses reaching the muscles from the central nerv¬ 
ous system is generally recognized. It is also known that the muscular 
contractions underlying tonus are accomplished with a low expenditure 
of energy and with only slight manifestations of fatigue, whereas the 
muscular contractions that produce movement (phasic contractions) 
arc readily fatigable. These facts suggest that there may be funda¬ 
mental differences between the two kinds of contractions with respect 
to the nervous and muscular mechanisms involved. 

The idea has been held that the sympathetic nervous system is 
necessary for sustained contraction, but this view is not supported by 
recent work (Fulton). Complete removal of the sympathetic nervous 
system affects the postural responses only slightly. 

Antigravity muscles arc made up of two kinds of fibers: slowly 
contracting red ones and rapidly contracting white ones. The theory 
that the slowly contracting red fibers are the tonus fibers and the 
rapidly contracting white fibers the ones that cause the quicker phasic 
contractions is now well supported (Fulton). The frequency of the 
nerve impulses in the motoneurons supplying the red fibers is low, only 
about 5 to 10 per second. This fact helps to account for the low fati¬ 
gability of the muscle fibers concerned in tonus and the slight expendi¬ 


ture of energy that accompanies tonic contraction. 

The physiological flexor muscles do not contain red (tonus) fibers; 
they are made up only of the pale (rapid) muscle fibers. 

White muscle contains more creatine phosphate (Kare) and more 
ATP (Krishnan and Nelson) than red muscle. It also contains less 
myoglobin. These biochemical facts are believed to be related to the 
functions of the two kinds of fibers. White muscle must be able to 
release a large amount of energy quickly. Slower, more prolonged 


energy release is suitable for red muscle. 

Sources of Afferent Stimuli. Much evidence favors the view that 
muscle tonus is fundamentally a proprioceptive reflex, the afferent 
stimuli arising to a considerable extent in the muscles themselves an 
reaching the central nervous system by way of the dorsal root fibers. 
The muscle, particularly its fleshy portion, contains receptors (muse e 
spindles) which are stimulated mechanically when the muscle is 
stretched, ns when the body tends to fall under the pull of gravity* 
This stretches extensor muscles, thus stimulating their proprioceptors 
and evoking reflex contraction. This reflex, known as the ° T 

myotatic reflex , has been studied by Liddell and Sherrington. cse 

workers found that, within limits, reflex contraction of the muse e con 
tinucs to increase as long as the stretch is increased. When the stre c 
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is discontinued, the reflex contraction ceases immediately. There is 
therefore little or no after-discharge. The receptors for the stretch 
reflex show only slow adaptation. The advantage ol this fact in the 
normal working of the antigravity mechanism is clear; a sustained 
response is required. The stretch reflex of those muscles that maintain 
the animal in the erect attitude is regarded as the fundamental ele¬ 
ment of which tonus is built. 

Other receptors are concerned in the tonus and other postural 
reflexes in the normal animal. Some of these receptors are (1) pro¬ 
prioceptors in the vestibular organ (p. 775), especially for the front 
limbs; (2) exteroceptors, chiefly those ol pressure, in the surface of 
the body; (3) exteroceptors for distance stimuli (telecnptors) in the 
eye and ear. 

OTHER POSTURAL REFLEXES 

The postural reflexes have been extensively studied in many ani¬ 
mals, especially by Magnus and his collaborators. A detailed discussion 
of these reflexes will not be entered into here. Other sources may be 
consulted for a fuller account (Fulton). Following are the postural 
reflexes that will be considered here: standing reflex; static reflexes, 
comprising attitudinal and righting reflexes; statokinetic reflexes; plac¬ 
ing reactions or reflexes; and hopping reactions. 

Standing Reflex. This is manifested in an exaggerated form in 
decerebrate rigidity. In the latter condition the tonus of the extensor 
muscles is excessive, whereas that of the flexors is reduced. In normal 
standing the flexor muscles, as well as the extensors, show tonus, which, 
however, is more marked in the antigravity group. By means of this 
tonic contraction the joints become fixed and the limbs converted into 
rigid pillars. This is spoken of as the positive supporting reaction. It 
is in part an exteroceptive reflex, evoked by contact of the foot with 
the ground, and in part a proprioceptive reflex, evoked by the stretch 
of muscles. The change from this condition to the toneless limb with 
moveable joints is designated as the negative supporting reaction. To 
attain this condition the strong tonus that characterizes the positive 
supporting reaction must be inhibited by means of proprioceptive re¬ 
flexes. 

Attitudinal Reflexes. By means of these reflexes displacement of 
one part of the body is followed by postural changes in other parts, 
so that a new attitude is struck. These reflexes can be studied in the 
decerebrate preparation. They may be divided into (1) segmental re¬ 
flexes, in which only one segment of the body is concerned, and (2) 
general reflexes, by which the whole body may be affected. 
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An example of a segmental attitudinal reflex is seen when a decere¬ 
brate preparation is set on its feet and a hind foot is pinched. A homo¬ 
lateral flexion reflex is set up and the stimulated limb is withdrawn 
from the ground; but the body of the animal does not sink to the 
ground, for an attitudinal (extensor) reflex is evoked in the opposite 
limb by which the member is enabled to support its increased load. 

General attitudinal reflexes are most readily elicited by altering 
the position of the head. In this way the body may be made to strike 
many attitudes that resemble those seen in the normal animal. Mag¬ 
nus divides these reflexes into tw r o groups: (1) tonic labyrinthine 
(vestibular) reflexes acting on the body and (2) tonic neck reflexes 
acting on the body. The former are inaugurated by the proprioceptors 
in the vestibular organ; the latter, by the proprioceptors in the liga¬ 
ments of the atlanto-occipital and atlanto-axial joints. If it is desired 
to study the vestibular reflexes alone, the neck reflexes must be excluded, 
and this can be done by deafferentation or by placing the neck in a cast. 
On the other hand, if it is desired to study the neck reflexes alone, the 
vestibular organ must be destroyed. When both types of reflex are pres¬ 
ent, the resulting attitudinal responses are very complicated. Magnus 
points out the normal uses of these attitudinal reflexes but emphasizes 
that in the intact monkey and in man, because of the great develop¬ 
ment of the cerebral cortex, the reflexes are difficult to detect. They 
are not difficult to detect in other intact animals. For example, a cat 
looking up at a cupboard shows a very different distribution of tonus 
in the muscles of the front legs than it does when looking under a couch. 
Vestibular and neck reflexes induced by changes in the position of the 
head determine the conditions of tonus in the limb muscles. 

Righting Reflexes. If a decerebrate animal is pushed over, it can¬ 
not return to the standing posture; it possesses no power of righting 
itself. If, however, a midbrain animal—an animal in which the fo r ^ _ 
brain is removed but the midbrain is left intact—is examined, it will e 
seen to possess full power to return reflexly from abnormal positions to 
normal ones. Its righting reflexes function normally. In preparation o 
the midbrain animal the interbrain may be left intact, whereupon tem^ 
perature regulation is maintained. Such a preparation may be terme 
an interbrain animal. It is approximately the same as the decortica e 

animal, which is considered elsewhere (p. 783). 

The righting reflexes are divided by Magnus into five groups, a 
follows: (1) labyrinthine (vestibular) righting reflexes, arising r ( 
the otoliths and acting on the head; (2) body righting reflexes ac i 
on the head, the stimuli arising from the exteroceptors of t c o 
surface because of pressure; (3) neck righting reflexes, propnocep 
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acting on the body; (4) body righting reflexes acting on the body, the 
stimuli arising from the exteroceptors of the body surface; and (5) in 
some mammals, with intact cerebrum, optical righting reflexes. 

The righting reflexes operate of course in the fully intact animal, 
but their experimental analysis requires destruction of the vestibular 
organs, deafferentation of joint ligaments, blindfolding, equalization of 
pressure on the body surface, and other procedures. A well-known ex¬ 
ample of a righting reflex is the one that occurs when a cat is dropped 
in the back-down position. The animal goes through a series of move¬ 
ments by which it turns itself in the air so as to land on its feet. It 


is not an optical righting reflex, as it occurs 


when the animal is blind¬ 


folded. It is a labyrinthine righting reflex, for a blindfolded cat with 
destroyed vestibular organs fails to right itself and lands on its back. 

Kleitman and Koppanyi have studied the righting reflexes in the 
fowl and duck. 


Statokinetic Reflexes. These reflexes arc evoked when the body 
is suddenly subjected to angular or linear accelerations, positive or 
negative. The receptors are located in the semicircular canals (p. 776). 
A good example of a statokinetic reflex is seen when a blindfolded or 
decorticate bird is suddenly moved downward and forward in space. 
Ihe toes fan out in preparation for lighting. It is a vestibular placing 
reflex. A similar reflex can be elicited by suddenly lowering a blind¬ 
folded cat through space. The forelegs become extended and the toes 
spread out in preparation for landing. (By blindfolding the animal, 
visual placing reactions are excluded.) 


Placing Reactions. Since these responses involve the cerebral cor¬ 
tex, they are more properly called reactions than reflexes. It is essential 
for normal standing and locomotion that the feet be placed in a posi¬ 
tion appropriate to the execution of these actions. Two kinds of plac- 
*ng reactions have been described, visual and nonvisual. When a nor¬ 
mal animal is lowered toward a table or other surface, visual stimuli 
cause the forelegs to be placed on the surface in such a way that the 
legs are at once ready to support the body in standing. If the animal 
is blindfolded, other stimuli of an exteroceptive and proprioceptive na¬ 
ture enable accurate placing to be accomplished. Bard (1937-38, 1941) 
has described five nonvisual placing reactions. 

1. If a blindfolded cat (or a cat whose head is held up in such a way 
that it cannot see its front feet or objects in front or below) is sup¬ 
ported in the hands and moved toward a table, contact of any portion 
of the front or hind feet with the edge of the table will result in ac- 
curate placing of the stimulated pair on the table close to the edge. 

18 is contact placing. If a single foot is stimulated by the contact, 
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placing of the opposite foot usually follows as well. This is crossed 
placing. If the animal can see, visual placing will result. 

2. If a blindfolded cat is held suspended in the air and the chin is 
brought into contact with the edge of a table or, more conveniently, 
if a board is brought in contact with the chin, the front feet are raised 
and accurately placed on the surface alongside the jaws. Extension of 
the limbs and standing may follow. If a nonblinded animal is used, it 
is necessary to hold the front feet down; otherwise visual placing will 
take place. Once the chin is in contact with the surface and the legs are 
released, accurate placing results. This response to chin stimulation 

may be designated as chin placing. 

3. If an animal (blindfolded or not) is allowed to sit, stand, or 
crouch on a table and the front or hind legs are pushed over the edge, 
they will immediately be lifted and returned to their original position. 

This has been termed positional placing. 

4. If any leg of a standing animal is passively abducted without 
being held, it will be returned to its standing position. This may be 
termed adduction placing. 

5. If a blindfolded cat is held free in the air and moved toward some 
object until the tips of the vibrissae on one or both sides touch the 
object, both front feet are accurately placed on it. This is vibrissa 
placing. Unless vision is excluded, a visual placing reaction of the fore¬ 
legs will result. 

Hopping Reactions. If an animal is so held that it stands on one 
leg and the body is moved forward, backward, or to either side, a co ^ 
rective hopping movement of the leg takes place in the direction of e 
displacement. The foot is thus kept under the shoulder or hip an * 
leg again exhibits the positive supporting reaction by means of w ic 
it can act as a rigid pillar. With the leg in the normal standing: posi¬ 
tion, the positive supporting reaction is well defined, but as e 
deviates from this position with displacement of the body the one ^ 
the muscles diminishes, the foot is raised, and the leg is put c own ve< j 
new normal position where it again acts as a rigid pillar, t is e 
that stretch receptors in the muscles initiate the reflex. 

CENTRAL MECHANISMS 

The nerve centers and the central pathways concerned in 
tural reflexes are known in some instances, but in others t icy are ^ 
understood or unknown. Most of the centers are abo\e tic cv ^ re ^ rft ^ e 
spinal cord. Thus even in the relatively simple reflex o c ^ 
rigidity spinal centers are little concerned. As indicated e sew 
767), there is evidence to show that the chief reflex centers 
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brate rigidity are the lateral vestibular nucleus, which is situated in 
the floor of the fourth ventricle, and a facilitating area in the reticular 
formation of the brain-stem. Normal standing can be manifested by 
the midbrain animal. The centers of the attitudinal reflexes are found 
behind the plane of entrance of the acoustic nerves. The centers of 
the righting reflexes, except the optical, have been located in the 
midbrain. The centers of the neck righting reflexes extend downward 
as far ns the pons and upper part of the medulla oblongata; the centers 
of the other righting reflexes are found at the level of the red nucleus. 
In fact, the red nucleus is believed to be the center for the labyrinthine 
righting reflexes and for the body righting reflexes acting on the body, 
and their efferent path is the rubrospinal tract. The location of these 
various centers has been determined mainly by transcctions of the 
brain-stem at different levels. 

The centers of the optical righting reflexes are located in the cere¬ 
bral cortex. The placing anti hopping reactions in mammals are also 
managed at the cortical level. Bard has determined that the cortical 
region concerned is a small area situated at the frontal pole of the 
cortex. It appears to coincide approximately with the motor area of 
the cortex (p. 788). The control over the muscles is contralateral. The 
placing and hopping reactions, having to do with the finer adjustments 
of posture, are managed cortically, whereas most of the other postural 
responses are managed subcortically. 

The decorticate pigeon will excute nearly perfect placing reflexes. 

Whatever the efferent pathways in the postural reflexes may be, 
all efferent impulses must reach the muscles by way of the motor 
neurons whose cells of origin are located in the ventral gray column 
of the spinal cord and similar neurons whose cells of origin are located 
•n the brain-stem. These neurons—motoneurons—constitute the final 
common paths in the postural reflex circuits. 

The work of Magnus led him to conclude that the cerebellum is not 
concerned in the postural reflexes; that the centers and afferent and 
efferent paths of the reflexes are extracerebellar. More recent research 
has not supported this view but has indicated that the cerebellar cor- 
tex, or portions of it, exert inhibitory and facilitatory influences over 
me postural reflexes, particularly the antigravity reflex (p. 766). 

VESTIBULAR ORGAN 

This structure is such an important receptor in the postural reflex 
mechanism that its physiology will be studied at this time. The bony 
ft vrinth of the internal ear, lying in the temporal bone, contains the 
mem ranous labyrinth. Surrounding the membranous labyrinth and 



776 


PHYSIOLOGY OF DOMESTIC ANIMALS 


separating it from the bony labyrinth is a liquid known as perilymph. 
In the cavities of the membranous labyrinth the endolymph is found. 
The membranous labyrinth is divided into two parts, which differ 
greatly in their functional significance: (1) the nonacoustic labyrinth 
or vestibular organ and (2) the acoustic labyrinth or cochlear duct. 
The physiology of the latter is considered in another chapter (p. 831). 

The vestibular organ comprises two membranous sacs, known as 
the saccule and the utricle, and the membranous semicircular canals. 
The saccule communicates with the cochlear duct and the utricle with 
the semicircular canals. Connecting the saccule with the utricle is the 
short ductus utriculosaccularis. 


Fia. 184. — Diagram¬ 
matic representation 
of the innervation of 
the membranous laby¬ 
rinth. R. sup. 1, R- inf- 

2, the vestibular 
nerve; cochl. 3, the 
cochlear nerve. (De 
Burlet; from Camis, 
The Physiology oj the 
Vestibular Apparatus, 
trans. by Creed. The 
Clarendon Press, Ox¬ 
ford, Eng.) 


The labyrinth is really the elaborate end-organ of the aC0 ^ u _ 
nerve. The nerve, as is well known, consists of two parts, the ves 
lar nerve, supplying the vestibular organ, and the cochlear nerve, s 
plying the cochlear duct (Fig. 184). The cells of origin o ) 

tibular nerve fibers are located in the vestibular ganglion. el n ^ ra ] 
polar, the cells give off central and peripheral branches. ie c cere _ 
branches end in the vestibular nuclei of the brain-stem an m ^ 
bellum. The peripheral branches end in the maculae of tie 11 r 
saccule and in the ampullary crests of the semicircular can ^ ^ e j r 
maculae and ampullary crests are located on the inner wa ® . fl jj fec j 
respective parts of the vestibular apparatus and contain s ^ . n 
cells which are the receptors of the vestibular nerve. ® ? shorter 
each case ciliated, the cilia of the cells of the maculae el 
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than those of the ampullary crests. The cilia of the cells of the crests 
project into the ampullary cavity of a semicircular canal, but the cilia 
are not naked; they are imbedded in a gelatinous mass known as the 
cupola. The cilia of the cells of the maculae, instead of being imbedded 
in a gelatinous mass, are attached to a mass composed of tiny crystals 
of calcium carbonate held together by a cement substance. The term 
otolith is applied to this mass, which forms a sort of membrane over 
the ciliated cells of the maculae. The position of the macula utriculi 
when the head is in the normal position is practically horizontal, 
whereas the position of the macula sacculi is vertical. The semicircular 
canals, at least their middle portions, lie in the three planes of space. 
(There is evidence that the saccule is concerned with sound percep¬ 
tion and that it does not participate in labyrinthine reflexes.) 

A question which has long engaged the interest of physiologists re¬ 
lates to the manner in which the receptors found in the ampullary 
crests and the macula are stimulated. A completely satisfactory an¬ 
swer is not yet available. Although the functions of the sensory nerve 
endings in the macula and crests are not identical, it is nevertheless 
probable that the distinction between their functions is not sharp. The 
two parts of the vestibular organ, containing respectively the macula 
and crests, apparently reinforce each other. The macula utriculi reacts 
to changes in position and to linear acceleration. The ampullary crests 
of the semicircular canals react to angular accelerations and rotations, 
because of movements in the endolymph. 

The vestibular sense is not equally developed in all animals. It is 
most highly developed in birds, less in mammals, and least in fishes. 
Among mammals it reaches a high degree of development in the rabbit 
nnd guinea pig but is less developed in the monkey and man. 

It is evident from the foregoing statements that the vestibular organ 
is a part of the proprioceptive system and is stimulated, not by changes 
in the external environment, but by changes in the internal environ¬ 
ment. 

Motion sickness can be produced by either angular or linear ac¬ 
celeration, but the latter is principally involved. Among the common 
animals, horses, cows, sheep, dogs, and chickens are susceptible to 
motion sickness, whereas rabbits, guinea pigs, and pigeons are not. 
h)ogs are about as susceptible as man, but cats are highly resistant 
(Tyler and Bard). Bilateral labyrinthectomv confers complete im¬ 
munity against motion sickness as does removal of the nodulus and 

uvula (p. 765). Typical motion sickness can be induced in the decere¬ 
brate dog. 
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CEREBRAL HEMISPHERES 


T HE cerebrum comprehends the midbrain, interbrain, and cerebral 
hemispheres. The physiological significance of the midbrain and 
interbrain is discussed in Chapter XXXII. What remains to be studied, 
in the present chapter, are the cerebral hemispheres, large structures 
making up most of the cerebrum. Each hemisphere is composed of 
a covering of gray matter, termed the cortex or pallium; a central 
mass of white matter; and the basal ganglia—masses of gray matter, 
of which the corpus striatum is the most prominent. Since the white 
matter of the cerebral hemisphere is composed of nerve fibers, which 
do not modify nerve impulses, and since the basal ganglia, although com¬ 
posed largely of nerve cells, are greatly overshadowed by the cortex, 
the discussions in this chapter must relate mainly to the cortex. 

The cerebral cortex, or pallium, is acquired late in vertebrate evo¬ 
lution and, like the cerebellum, belongs to the suprascgmental appara¬ 
tus, in contrast with the more primitive segmental apparatus, or brain¬ 
stem. The cerebral cortex is concerned with those nervous reactions 
that result in consciousness. It is the seat of the highest type of nervous 
correlation, termed association. Whereas the spinal cord and brain-stem 
mediate the inherent nervous reactions termed reflexes, the cerebra 
cortex mediates the individually acquired nervous reactions often 
termed conditioned responses. The cortex, especially that of man, is 
marked by a high degree of educability. 

COMPONENT PARTS OF THE CEREBRAL HEMISPHERE 
Basal Ganglia. These comprise masses of gray matter located m 
the white matter of each cerebral hemisphere. They include (1) 
corpus striatum, (2) the globus pallidus, (3) the claustrum, and ( ^ 

am ygdaIoid nucleus. Our knowledge of the physiology of the a " ft 
ganglia is still very incomplete. . n 

The corpus striatum consists of two masses of gray matter 
as the caudate nucleus and the putamen. In lowly vertebra es ^ ^ 
possess no cerebral cortex, and in reptiles and birds, which posse 
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small cortex, the corpus striatum is well developed. In these animals 
it appears to be a motor correlation center of great importance. In 
mammals the relative importance of the corpus striatum is greatly 
overshadowed by the extensively developed cerebral cortex. The 
corpus striatum receives fibers from the frontal portion of the cerebral 
cortex and sends projections to the globus pallidus, whence they are 
relayed to the red nucleus, thus bringing the rubrospinal tract under 
cortical and striatal control (Fig. 185). It also receives fibers from the 
substantia nigra (Fig. 183). 

In general, the basal ganglia, especially the caudate nucleus, exert 
un inhibitory effect on movements and postural changes induced by 
cortical action. This occurs in part by an effect on the cortex itsell via 
thalamic nuclei and thalamocortical relays. 

Chorea and other syndromes accompanied by involuntary move¬ 
ments are frequently associated with lesions of the corpus striatum. 
Chang has reported on choreiform movements in a dog which showed 
lesions involving principally the corpus striatum and the cerebral cor¬ 
tex. 

The corpus striatum and the globus pallidus aie the subject of a 
review by Rioch. 

White Matter. The medullary substance, or white matter, of the 
cerebral hemisphere is composed of innumerable myelinated nerve 
fibers situated beneath the cerebral cortex. In this mass of white mat¬ 
ter the basal ganglia are found. The nerve fibers entering into the for¬ 
mation of the cerebral medullary substance may be divided into three 
groups: (1) association fibers, (2) commissural fibers, and (3) projec¬ 
tion fibers. 

The association fibers establish connection between the different 
parts of the cerebral cortex. Two main classes of these fibers can be 
recognized: short ones, connecting adjacent convolutions, and long ones, 
connecting the lobes of the cerebrum. Association fibers are most evi¬ 
dent in the brains of primates. 

The commissural fibers form the connecting links between the two 
cerebral hemispheres. They comprise the corpus callosum, the anterior 
commissure, and the hippocampal commissure. 

The projection fibers, motor and sensory, connect the cerebral cor¬ 
tex with the brain-stem and spinal cord. The motor projection fibers 
form the corticospinal, corticobulbar, corticopontilc (frontopontile, 
parietopontile), corticorubral, and other tracts. The sensory radiations 
or projection fibers connect the thalamus with the visual, auditory, 
and somcsthetic areas, and the olfactory center at the base of the 
olfactory bulb with the olfactory area, of the cerebral cortex. Aceom- 
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panying the thalamocortical radiations are corticothalamic fibers, 
which conduct in the opposite direction. The exact significance of these 
fibers is obscure. There is reason to believe that through them the cere¬ 
bral cortex exerts a regulatory influence on thalamic activity (Tilney 
and Riley). 

Structure of the Cerebral Cortex. The cerebral cortex or pallium 
is divisible into a primitive olfactory portion, the archipallium, and a 
more recent, nonolfactory portion, the neopallium or neocortex. In the 
higher mammals the neopallium is much more important than the 
archipallium. In primates, which depend for their existence so little 
upon the sense of smell, the archipallium is relatively much smaller 
than in most other mammals. Among mammals it is best developed in 
the lowest forms, especially the marsupials. 

The cerebral cortex of some of the small mammals, particularly the 
more primitive ones, is smooth; whereas that of most mammals, in¬ 
cluding Ungulata, Carnivora, and primates, shows the presence of con¬ 
volutions or gyri and fissures or sulci, which are more or less char¬ 
acteristically arranged in each higher mammalian order. In primates 
the cortex of each hemisphere is divided, somewhat arbitrarily, into 
frontal, parietal, temporal, and occipital lobes. In man the frontal lobe 
is exceedingly well developed. 

Sections through the cerebral cortex show that it is made up of 
several layers, parallel to the surface of the gyri and consisting of 
nerve cells and nerve fibers. Six cortical layers arc now recognized 
by neurologists. 

Because of the fact that the different cell and fiber layers in the 
cerebral cortex are not absolutely uniform as to size, number, and other 
qualities, many workers have mapped out areas in the cortex of many 
species, based upon these differences. Studies of this kind, while differ¬ 
ing and disagreeing in some respects, make it evident that different 
parts of the cerebral cortex show characteristic structural features in 
each species and that in all higher mammals these features are more 
or less similar. Furthermore, histologists have attempted to correlate 
their findings with those of experimental physiology and clinical me i- 
cine and thus to assign functions to these histologically determine 
areas. References to this literature may be found in Campbell s mono 

graph, in Bolton’s article, and Fulton’s book. . 

Physiologically the nerve cells of the cortex may be assumed o 
of three types: those giving rise to projection fibers, those giving r,s 
to association fibers, short and long, and those giving rise to 
sural fibers. The nerve fibers of the cortex consist (1) °f f ^ cn n 
short axons, and the proximal parts of longer axons, derived from 
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cells of the cortex, and (2) of the terminal parts of nerve fibers enter¬ 
ing the cortex from the underlying medullary substance. 

METHODS OF STUDYING CORTICAL FUNCTION 

No problem in the entire biological field is more baffling than that 
of cortical function. Many classes of workers have made contributions 
looking toward a solution of the problem, and many methods of study 
have been used. Among the workers may be mentioned the anatomists, 
histologists, embryologists, physiologists, pathologists, clinicians, and 
psychologists. Some of the procedures that have been used in studies 
of cortical function are (1) anatomical studies, particularly in the 
comparative field; (2) histological studies; (3) myclination studies, 
which depend upon the fact that the medullated fibers of the cerebral 
cortex acquire their medullary sheaths at different times—some before 
birth and some after—and upon the assumption that fibers of similar 
functional significance mature, that is, gain their medullary sheaths, 
at approximately the same time; (4) electrical excitation of exposed 
portions of the cerebral cortex; (5) electroencephalography, or the 
study of the action potentials of the brain: electrical changes of several 
kinds signaling the activity of nerve cells of the cerebral cortex and 
other brain structures; (6) stimulation of receptors and the detection of 
the resulting electrical changes in the brain; (7) metabolic and other 
biochemical studies of the brain; (8) experimental removal of the entire 
forebrain or of parts of it; (9) studies of clinical cases in which parts of 
the brain have been injured or destroyed accidentally or in which there 
are signs of cerebral disease; (10) postmortem studies of lesions in in¬ 
dividuals known to have shown certain evidences of cerebral involve¬ 
ment; and (11) studies of conditioned or acquired responses. 

ELECTROENCEPHALOGRAM 

The cerebral cortex shows continuous rhythmic electrical changes. 
These potential variations, or “brain waves,” may be picked up by 
electrodes placed at various locations on the scalp. They are then 
amplified (their voltage is much lower than that of the electrocardio¬ 
gram) anti recorded on a direct-writing oscillograph. 

Although a number of wave types are recognized, the alpha and 
beta waves are most prominent. The alpha waves have a frequency of 
8 to 12 per second; the beta waves, 14 to 60 per second. 

Klectroencephalography is used in human medicine in the diagnosis 
of a number of abnormalities of the brain, particularly those disorders 
with a structural basis and epilepsy. 
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Other parts of the brain also show rhythmic electrical changes: 
thalamus, basal ganglia, cerebellum, and so forth. 

RESISTANCE OF NERVOUS TISSUE TO ANOXIA AND 

METABOLISM OF BRAIN 

The metabolic rate of the gray matter of the brain is high. There 
is evidence that it is three or four times higher than the metabolic rate 
of white matter. For its normal functioning the brain must have a 
continuous supply of blood. It has been shown in dogs that stasis 
of the brain circulation for eight minutes or longer causes severe dam¬ 
age of a permanent nature to the brain. The injury includes “loss of 
function of the cerebral cortex, loss of auditory reflexes, of the ability 
to stand and walk, of emotional reactions and vocalization, as well as 
dysfunction suggestive of strial involvement" (Kabat, Dennis, and 
Baker). Complete recovery of function follows arrest of the brain cir¬ 
culation for six minutes. 

From an extensive survey of the literature on the survival of tissues 
after the death of an animal Alvarez concluded that anoxemia of five 
to ten minutes’ duration will injure brain cells so severely that they 
will not recover. “Even when the anoxemia lasts only from five to ten 
minutes many of the animals that survive are demented." 

Survival and revival of nervous tissue after circulatory arrest have 
been reviewed by Heymans. Cortical centers (in the dog) are irrepar¬ 
ably damaged by anoxia produced by complete interruption of their 
blood supply for more than five minutes, and the palpebral and pupil¬ 
lary centers for more than ten minutes. The respiratory and cardio^s- 
cular regulatory centers are more resistant and can be revived after 
complete interruption of their blood supply for as long as 30 minutes. 

It is estimated that the central nervous system (in man) accounts 
for about 20 per cent of the oxygen consumption of the body at rest. 
However, the weight of the central nervous system is only about 2 per 

cent of the body weight. , 

The respiratory quotient of brain is approximately 1. This was e 
termined by comparing the oxygen and carbon dioxide contents o 
arterial blood with those of venous blood coming from the brain, 
this way an arteriovenous oxygen difference and an arteriovenous car 
bon dioxide difference are obtained. From the data the respira 
quotient can be calculated. A respiratory quotient of unity m ,ca 
carbohydrate metabolism (p. 620). In-vitro studies of brain me ® 
lism agree with in-vivo studies in showing that the respiratory quo 
of brain is approximately 1. 
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The brain does not require insulin for the oxidation of carbohydrate 
(Himwich). 

It has been shown that blood on passing through the brain loses 
glucose, the loss being about 10 mg. per 100 ml. of blood. This indicates 
that glucose is an important fuel of brain. 

In a study of the metabolism of the perfused brain of the adult dog 
Handley and co-workers concluded ‘‘that approximately 50 per cent 
of the oxygen supplied to the head region is used by the brain and that 
the brain accounts for about 8 per cent of the total oxygen consumption 
of the body at rest.” 

Since anoxia causes such rapid loss of cerebral functions, the brain 
evidently derives the bulk of its energy from aerobic sources. However, 
it has been shown that during a period of partial anoxia the brain of 
the adult animal (dog, cat) obtains enough energy by the anaerobic 
cleavage of carbohydrate to lactic acid (glycolysis) to prolong for 
some time the survival period. Nevertheless the tolerance of the adult 
to anoxia is much less than that of the newborn (Fazekas and co¬ 
workers). The explanation is that the metabolic rate of the brain of the 
newborn is low and that energy can be derived glycolytically—that is. 
anaerobically—at a rate sufficient to maintain the integrity of the cere¬ 
bral mechanisms for some time. Newborn puppies and kittens tolerate, 
on the average, an exposure of 24 minutes to an atmosphere of pure 
nitrogen. Newborn rats survive even longer. 

EFFECTS OF DECORTICATION, REMOVAL OF THE CEREBRAL 

HEMISPHERES, OR OF THE FOREBRAIN 

The effect of decerebration is considered in another place (p. 760). 
Decortication and removal of the cerebral hemispheres are similar ex¬ 
cept that in the second instance the basal ganglia are also removed. 
Extirpation of the forebrain means the removal of the cerebral hemi¬ 
spheres and the interbrain. Because of the surgical difficulties involved 
the removals do not always follow sharp anatomical limits. This will 
be apparent in the following discussions. 

In all kinds of fish the brain is poorly developed. Removal of the 
forebrain in teleosteans causes little or no evident effect. They move, 
feed, and behave toward their intact associates in an apparently nor¬ 
mal manner. Selachians likewise show no motor disturbances when the 
forebrain is removed. However, feeding is interfered with because the 
operation involves the removal of the olfactory lobes, which arc very 
important in these animals that locate their food by smell. 

Removal of the cerebral hemispheres in Amphibia is attended with 
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no serious loss of function. Frogs behave apparently normally as re¬ 
gards ordinary movements, swimming, hibernation, feeding, and vision, 
but “spontaneous” movements are absent. The tortoise moves more 
sluggishly and exhibits less initiative after the operation. 

Removal of the very rudimentary cerebral cortex of the pigeon dis¬ 
turbs its reflex movements only slightly, but its intelligence, capacity to 
learn, and individual memory, poorly developed though they are in 
the intact condition, are much reduced. The bird must be fed and 
watered and kept in a protected environment. It does not know enough 
to get off a hot plate. It will simply make flexor and extensor move¬ 
ments of the limbs. The bird shows no fear. If the basal lobes are 
injured or destroyed, the reflex activities are impaired. The disturbance 
becomes worse if the thalamus is involved. 

Removal of the cerebral cortex or hemispheres or of the forebrain 
has been accomplished in a number of mammals. The experiment of 
Goltz, in which both cortices of a dog were removed and the corpora 
striati, thalami, and corpora quadrigemina were injured, is a classic in 
physiology. English summaries of this work are given by Luciani and 
Schafer. Holmes has reported the results of a histological examination 
of the nervous system of Goltz’s dog. Removal of the nervous tissue 
was accomplished in three successive operations. The dog lived for 
more than eighteen months after the last operation and was then killed 
by bleeding. A few days after the last operation the ability to walk 
returned, and after a time normal locomotion was possible; however, 
toward the end of the period weakness developed. The animal walked 
restlessly most of the day but slept at night. A loud sound would 
awaken it. Hunger was evident, and the dog would cat, but only when 
food was brought close to its nose. Digestion was good, but the nutri¬ 
tive condition of the animal was only fair. The sense of touch was un¬ 
paired though not abolished. Painful stimuli evoked movements, bark¬ 
ing, and snapping. There was evidence that the sense of taste remaine » 
but the sense of smell was abolished. The sense of hearing was dullc 
Vision was profoundly affected, for obstacles were run into; but com 
plete blindness could not have been present, for strong light cause t ie 
animal to close the eyes and turn the head away. The pupillary re exes 
remained. The psychic functions were greatly reduced. There was no 
manifestation of fear, affection, pleasure, except in eating, or sexua 
terest. Persons or other dogs w'ere not recognized; memory and a * 1 
to learn were gone. The dog had been reduced to the condition o a^ 
idiot; it was merely an automaton, a reflex machine; its indivi ua 
was gone. tex 

It may be noted that Goltz’s dog locked not only the cerebra co 
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but ulso parts of the corpus striatum, interbrain, and midbrain. More 
recent experiments on the dog have shown that when the latter struc¬ 
tures are spared the psychic disturbances are not so profound; the dog 

retains some ability to learn. 

Rabbits have been kept alive for as long as six months after re¬ 
moval of most of the neocortex (Ten Cate and Van Herk). Super¬ 
ficially the animals seemed normal, but attempts to burrow were absent 
and they showed no objection to getting wet. Ability to see and hear 
returned soon after the operation, and it was possible to establish 
conditioned responses. Tactile sensations were increased. 

Schaltenbrand and Cobb kept a cat alive five months after removal 
of the neocortex. Its motor activity was varied and was greater than 
that of the normal cat. It reached and ate food without help. 

Clark prepared hemidecorticate and completely decorticate sheep. 
Decorticate sheep arc blind. Locomotion is practically normal. I he 
animals may survive for many months. Rumination and retieuloru- 
minal motility are normal, and the amount of time spent eating is 

little affected. 

Monkeys do not live longer than a few weeks following removal 
of the cerebral hemispheres. 


LOCALIZATION OF FUNCTION IN THE CEREBRAL CORTEX 

An important question relating to the physiology of the cerebial 
cortex is: Does the cortex function rather uniformly throughout - 
much as a gland does, for instance—or is it composed of a number of 
independently working parts such as one for vision, one for touch, one 
for the higher associations, and one for voluntary movement? Stated 
otherwise, does localization of function prevail in the cerebral cortex; 

Ideas on cortical localization have gone through an interesting his¬ 
tory, but only a brief statement can be given here. The phrenologists, 
pseudoscientists, taught years ago that there is severe localization of 
the mental functions in the cortex, which was conceived to be a 
plurality of independently functioning organs. The pioneer physiologists, 
on the basis of animal experimentation, took the opposite view, that 
the cortex functions as a whole. When it was found, in 18/0, that elec¬ 
trical stimulation of certain parts of the exposed cortex produces con¬ 
traction of some of the skeletal muscles, a new era in cortical localiza¬ 
tion was inaugurated, and for a time there was a tendency to return to 
the sharp localization which characterized the views of the phrenol¬ 
ogists. But the pendulum has started back, and modern opinion is that 
there is, in a manner, motor and sensory localization in the cortex but 
not in the sense of rigidly circumscribed centers; as to the higher as- 
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sociations, which form such important elements in the mental life of 
man, modern work does not support the older view that they show 
cortical localization. The cortex is not equipotential throughout, neither 
is it a plurality of delimited organs. The various parts, though mediat¬ 
ing different functions, are nevertheless mutually interdependent, so 
that injury to one part may cause dysfunction of distant parts. On the 
other hand, a lesion of one part does not abolish the function that is 
represented in that part but, rather, disturbs it. Hines has reviewed the 
subject of cerebral localization. 

A diagram of the cortical motor system of the dog is shown in Fig 
185. The afferent paths to the thalamus and cerebral cortex and the 
somesthetic, auditory, and visual areas of the cortex are shown in 
Fig. 186. These figures should be studied in connection with the discus¬ 
sions of the different areas that follow. 


Fio. 187—The motor 
area of the cortex of 
a gorilla as determined 
by motor responses to 
electrical stimulation. 
The responses are in¬ 
dicated on the dia¬ 
gram. C, opposite end 
of sulcus centralis. 
(From Leyton and 
Sherrington. Quarterly 
Journal of Experimen¬ 
tal Physiology, 1917, 
11 .) 


Motor Area. Much evidence is available to show that the cere rn 
cortex of mammals possesses a bilaterally situated area whose clectri 
cal stimulation causes muscular movements on the opposite side o 1 
body. This is the so-called motor area. Its position and size vary con 
siderably in different species in harmony with differences in the con^ 
figuration and the degree of development of the cortex. In genera , t ic 
is a direct relation between the size of the motor area and the num ^ 
and complexity of the skeletal muscle movements of which the amnia 
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is capable. Thus in primates, especially man, it is large; in Carnivora it 
is of intermediate size; and in Ungulata, in which only simple, pendu¬ 
lumlike movements of the limbs are possible, it is small. A number of 
workers have shown, in several species, that the motor area as deter¬ 
mined by electrical stimulation of the cortex is broadly coextensive 
with a histologically differentiated type of cortex containing giant 
pyramidal cells known as Betz cells. These are the cells of origin of 
some, but by no means of all, of the corticospinal (pyramidal) fibers 
(p. 745). 

As stated above, the position and size of the motor area vary in 
different species. In anthropoids Leyton and Sherrington have shown 
by electrical stimulation that it is located principally in the anterior 
central gyrus (Fig. 187). Many opportunities have arisen of stimulat¬ 
ing the cerebral cortex of man under local anesthesia. The observations 
show that the so-called area 4 (approximately the same as the pre¬ 
central gyrus) is the most excitable region and that its stimulation 
yields the most striking motor responses. However, many other regions 
of the primate cortex respond to stimulation. 

In Carnivora histological and experimental studies indicate that 
the motor area is situated in close relation to the cruciate sulcus 
(Campbell). Delgado draws attention to the large amount of cerebral 
cortex buried within the sulci—one-half to two-thirds of the total— 
and has stimulated the hidden motor cortex of the unanesthetized cat 
by means of numerous permanently implanted electrodes. Responses 
were obtained from cortex buried within the cruciate and presylvian 
sulci. The hidden motor cortex is evidently important in the control of 
motor activity. Some of the responses obtained upon stimulation of 
the motor cortex (surface and hidden) were dextrous and purposeful. 
Licking, drinking, and ingestion of milk resulted. There appeared to be 
no pain, disagreeable sensations, or emotional disturbances. Equilibrium 
was disturbed when stimuli of high intensity were applied to some 
points. Natural and artificial stimuli could show summation or inhibi¬ 
tion. Strong spontaneous motor activity decreased cortical excitability. 

In the sheep it has been shown (Simpson and King, Bagiev) that 
the motor area is located mainly in the superior frontal convolution. 
The details of the localization, as determined by Bagiev, are shown in 
Fig. 188. The motor area of the goat brain has been studied by electrical 
exploration (Clark, Ward, and Dribben). It was found that, with minor 
exceptions, the area resembles that of the sheep. Goats affected with a 
eongenital myotonia showed little difference in response as compared 
with normal goats. An investigation of the motor areas of the goat 
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has also been made by Rosenberg and co-workers. Motor responses 
were obtained principally from the anterior pole of the cerebral hemi¬ 
spheres. 

In the pig experimental evidence is lacking, but the histological 
studies of Campbell suggest that the motor area is located between the 



AREA 4 

AREA 3 

AREA 5 
AREA Z 

AREA 1 
AREA 6 


Fig. 188.—Dorsal surface of sheep’s brain to show the location of the motor 
Areas 1 and 2, for movements of the extremities; Area 3, for movements o ® 
head and eyes to the opposite side; Area 4, for movements of the face muse es 
the opposite side (the full extent of this area could not be shown in this i a® 
tion); Area 5, for movements of the face muscles of the same side; Area 6, 
logically of the motor type of cortex, but nonresponsive on stimulation. ( '® c 
from a half-tone illustration in Archives of Neurology and Psychiatry, 

coronal sulcus medially and the presylvian sulcus laterally. Typical 
giant pyramidal cells are not present. Dukes and co-workers (unpu 
lished) stimulated the cerebral cortex of a young horse by means o^ 
condenser discharges and unipolar stimulation. Good motor respons^ 
were obtained from a bilaterally situated cortical region ( m 
area”) located just lateral to the lateral limb of the cruciate su 
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From the middle part of the suprasylvian gyrus (in the lateral parietal 
region) good responses were also obtained. This region is presumed to 
be the origin of a parietopontile tract. 

Stimulation experiments show that, broadly speaking, the main 
parts of the body musculature are represented in certain pails of the 
motor area and that the representation follows a definite pattern. 
However, the minuter localization in the motor area, as determined in 
primates, is subject to temporal instability in the individual and ap¬ 
parently to anatomical variations in the species. The temporal in¬ 
stability may be related to variations in the resting electrical activity 
that the cortex shows. 

Because of the direct connection between the motor area and the 
final common paths, the former must be concerned in the functional 
control of the skeletal muscles. There is, however, evidence that the 
motor area is of limited importance in some animals, for example, the 
I ngulata. In these animals the area is small and its destruction (in 
sheep) is without evident effect on locomotion, even immediately after 
the operation. In fact, locomotion is practically normal in bilaterally 
decorticate sheep. In Carnivora the motor area is of somewhat greater 
importance in the control of skeletal muscles, but even in these animals 
its destruction is attended by only temporary motor disturbance. Here, 
too, complete locomotor function may be regained after bilateral decor¬ 
tication. In anthropoids the motor area is still larger and more impor¬ 


tant, but the paralysis that follows its destruction usually disappears; 
indeed, recovery may follow destruction of both areas. In man destruc¬ 
tion of the motor area or of the pyramidal tract results in severe motor 
paralysis from which full recovery practically never occurs. However, 
even in man partial recovery often follows. (It should be recalled that 
the pyramidal tract does not originate exclusively from the motor area.) 

Extrapyramidal Cortical Projections. Various lines of evidence 
indicate quite clearly that in mammals including primates a con¬ 
siderable cortical control of the skeletal muscles must take place 
through paths other than the corticospinal system. There are a number 
of motor projections from the cortex which make up an extrapyramidal 
system. These have levels of integration both in the cerebral cortex and 
*n the upper part of the brain-stem. The impulses which they transmit 
reach the motoneurons via the rubrospinal and reticulospinal tracts. 
They are concerned in postural adjustments, in facilitation and inhibi¬ 
tion of the spinal motor centers, and in the case of one component of 
the reticulospinal tract (p. 747) with autonomic activity. The extra- 
pyramidal system involves, in part, pathways that pass through the 
cerebellum (Fig. 185). It is the extrapyramidal system, and not the 
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pyramidal, whose interruption by experimental lesions or pathologi¬ 
cal processes leads to rigidity and other hypertonias The normal 
suprabulbar inhibitory influence which is cut off in decerebrate rigidity 
is extrapyramidal in origin. Four extrapyramidal motor projections 
from the cerebral cortex are shown in Fig. 185. 

Sensory Areas. The cerebral cortex contains bilaterally situated 
sensory areas or centers into which the sensory projection fibers dis¬ 
charge (Fig. 18G). The following sensory areas are distinguished: (1) 
the somesthetic, or body sense, area; (2) the visual area; (3) the audi¬ 
tory area; and (4) the olfactory area. The first three areas are found 
in the neopallium; the olfactory area is situated in the archipallium. 

Besides receiving fibers that discharge sensory impulses into them, 
the sensoiy areas send out association fibers, short and long, to near 
and remote parts of the cortex, which parts are themselves intercon¬ 
nected by numerous complexly arranged fibers. By means of these 
various fibers each part of the cortex is in potential physiological con¬ 
nection with every other part, including the motor areas. Furthermore, 
the sensory areas that receive radiations from the thalamus—somes¬ 
thetic, visual, auditory—also send fibers to the thalamus. As previously 
noted, these fibers probably enable the cortex to exert a restraining 
influence over thalamic centers. 

Somesthetic Area. This area receives impulses from the skin con¬ 
cerned with touch, warmth, cold, and the localization of pain; impulses 
concerned with taste; and impulses from muscles, tendons, and joints 
concerned with proprioceptive sensibility (“muscle sense"). Pain prob¬ 
ably makes a primitive appeal to centers in the thalamus, but the 
localization of pain and the determining of its intensity are functions 

of the cerebral cortex. . . 

The principal experimental methods of studying the location o 
this area are (1) electrical stimulation of the cortex exposed under oca 
anesthesia in conscious human patients; (2) the local application o 
strychnine to various regions of the exposed cortex, following w ic 
the animal bites, scratches, or otherwise signals the skin area 
the sensations aroused in the cortox are projected; and (3) the . n , 1 ’ 

by the detection of electrical changes, of the cortical area w uc ^ 
ceives afferent impulses from touch or pressure receptors in e 8 ^ 

The area as delimited by the last method is probably smaller j n jy 

smaller than that defined by the method of strychninization. 

In primates the body sense area is located in the posterior ® 
(postcentral) gyrus, but it extends into the motor area as 
lation of the somesthetic area in man usually gives projecte se 
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of numbness, tingling, touch, and movement without actual motor 
response. Sensations of pain, warmth, and cold are unusual. 

Studies of the electrical changes occurring in the cerebral cortex as 
a result of cutaneous tactile, pressure, visual, and auditory stimuli 
have been made (Marshall, Woolsey, and Bard; Adrian, 1941, 1943). 
The electrical changes are amplified and led to a loudspeaker or to an 
oscillograph for visual examination and recording. The tactile or pres¬ 
sure receptors are stimulated manually, for example by a camel-hair 
brush or feather to move individual hairs or by a glass rod for pressure. 
The visual and auditory receptors are stimulated by flashes of light 



1’ i«j. 189.—Location and relative size of the somatic receiving area (som- 
esthetic area) in the cerebral cortex of the rabbit, cat, dog, and monkey. 

The auditory and visual areas are also indicated for the brain of the 
cat. (From Adrian, Journal of Physiology, 1911, 100.) 

and sound. By such methods Adrian studied the afferent areas in the 
cerebral cortex of many species including the common ungulates. 

The sornesthetic area, or, as Adrian preferred to designate it, the 
somatic receiving area, for the rabbit, cat, dog, and monkey is shown 
ln Fig. 189. In the diagram of the cat’s brain the auditory and visual 
areas arc also shown. The somatic receiving, as well as the auditory 
and visual, areas for the goat and pig are shown in Fig. 190. Cortical 
responses to thermal and pain stimuli were not detected. The represen¬ 
tation of the different parts of the body in the cortex showed great 
stability. In general, it was evident that the somatic receiving area of 
the cortex is concerned with those parts of the body surface that are 
in closest contact with the outside world, such as the feet, face, lower 
lip (sheep), snout (pig), nostril (pony), and the exposed surfaces of 
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the head, trunk, and limbs (carnivores). In ungulates the limbs and 
trunk were in general poorly represented in the cortex. 

Representation of cutaneous receptors in somatic areas of the 
cerebral cortex of the pig, sheep, dog, and cat has been studied by 
Woolsey and Fairman. The electrical changes evoked in the cortex 
were observed and recorded. 


S. Goronalis 





Somatic 


Auditory 


Visual 



Fio. 190.—Somatic receiving (somesthctic), auditory, and visual areas ■" (,y 

of the goat and pig. In tl.e goat most of the somatic receiving area is s i l ^ 
receptors of the lips and snout. The connections are arge y * . : n cft ch 

fore foot is usually represented and the hind foot may e rcprcsc ' by 
ease conlralaterally. In the pig the whole somatic rcccivmg arca , nrca 

receptors of the contrulatcrul half of the snout. The margins o Adrian, 

were not precisely determined. (Redrawn and slightly modih 

Brain, 1943, 66.) 

Visual Area. The fibers of the optic radiation arise in tN iatera^ 

geniculate body of the thalamus and pass to the occipi a j n t 0 

cortex, in which the visual area is located (Figs. 18 , ’ ft Hons. 

this area these fibers pour impulses that call forth visua sen ^ y ie 

The fibers of the optic nerve originate from the 8*^8 ^ ^ w jjj c j, 

retina. Most of them end in the lateral geniculate oc), ^ cor tcx. 

the visual path is continued to the visual area of t ie cer 





















































CEREBRAL HEMISPHERES 


795 


Some of the optic nerve fibers terminate in the anterior colliculus, 
which contains reflex centers for movements of the eye and the move¬ 
ments of accommodation. In animals with overlapping visual fields the 
fibers from the nasal portion of the retina decussate in the optic chi- 
asma; those from the temporal portion do not cross. 

Auditory Area. This area, located in the temporal lobe, receives 
the fibers of the auditory radiation from the medial geniculate body 
of the thalamus. Nerve impulses giving rise to auditory sensations 


are received in this area (Figs. 186, 189, 190). 

I he fibers of the cochlear nerve, the nerve of hearing, originate in 
the spiral ganglion of the organ of Corti and end in the cochlear nuclei 
of the pons. From these nuclei, fibers pass to the medial geniculate body 
of the thalamus. In addition, important auditory reflex connections 
exist in the posterior colliculus. 

Olfactory Area. As previously stated, the cerebral cortex consists 
of an ancient part, the archipallium, and a more recently acquired 
part, the neopallium. The archipallium is relatively poorly developed 
in primates. It attains its greatest development in the lowest mammals, 
especially the marsupials. The archipallium is dominated by the olfac¬ 
tory apparatus and comprises the hippocampus and hippocampal gyrus. 
In the region of the hippocampus the olfactorv area is located. It re- 
ceives projection fibers from the secondary olfactory center at the base 
of the olfactory bulb. 

The fibers of the olfactory nerve originate from nerve cells located 
in the olfactory mucous membrane and terminate in the primary ol¬ 
factory center, which is situated in the olfactory bulb. This primary 
center is connected with the secondary olfactory center referred to 
above. In addition to sending projection fibers to the olfactory area in 

the cerebral cortex, the secondary olfactory center is concerned in ol¬ 
factorv reflexes. 


Orbitofrontal Cortex. This is the part of the cerebral cortex for¬ 
merly referred to as the prefrontal area or the frontal association area. 
It lies rostral to the precentral area and includes areas 9 to 14 (of the 
human cortex). This region of the cortex is much better developed in 
man than in animals. It has connections, via the thalamus, with auto¬ 
nomic centers in the hypothalamus. Stimulation of various portions 
of the orbitofrontal cortex causes vasomotor and pilomotor activity, 
increase of gastrointestinal movements, secretion of gastric juice, re¬ 
spiratory effects, and the like. Removal of the orbitofrontal cortex 
results in changes of behavior, restlessness, increased motor activity 

. ot her abnormalities. The operation of frontal lobotomv in man 
involves this part of the brain. 
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CONDITIONED RESPONSES 

Reflexes may be divided into two groups. All spinal and brain-stem 
reflexes belong to the group of inborn, stereotyped, invariable re¬ 
flexes that are peculiar to the species. The number of these is very 
great. The cardiovascular reflexes, the reflexes of respiration and diges¬ 
tion, the reflexes of metabolism and elimination, the postural and lo¬ 
comotor reflexes, and even that body of more complex reactions some¬ 
times referred to as instincts, all belong to this group, many of which 
have been studied in previous chapters of this book. Reflexes of this 
kind were designated as unconditioned reflexes by Pavlov. 

The other group includes all those reflexes that are gained by the 
individual in the course of its existence. These are the conditioned re¬ 
flexes (Pavlov), so called because they depend on many conditions for 
their formation and maintenance. They are also known as individual 
or acquired reflexes and are—in many instances, at least—the same 
as those nervous reactions long known as associations. Briefly stated, a 
conditioned reflex is a habit. Because there is objection to the use of 
the term reflex to designate an acquired nervous reaction, the term 
response is now frequently used. Conditioned responses may be acquired 
either naturally or artificially, that is, experimentally. Following are 
examples of “natural” and “artificial” conditioned responses. When 
food is placed in the mouth of a dog, saliva is secreted. This is an in¬ 
born reflex. But as a dog develops, he acquires a response that causes 
him to secrete saliva, if he is hungry, when he sees food with which he is 
familiar or smells food. This is a natural conditioned response. > 
when a dog i 9 fed, a certain sound is made, for example, if a w is e 
is blown, and this association of sound and food is frequently repea c . 
there comes a time when the sound alone will cause the secretion \0 
saliva. This is an artificial conditioned response. There is no un 
mental difference between these two kinds of conditioned responses. 

Conditioned responses develop in relation to an already P re 
mechanism, which may be either an inborn reflex or anot er 
ditioned mechanism. The efferent side of the arc of t c can 
response is the same as that of the reflex on which it is ^ 

afferent sides of the two arcs are not the same. The a crC ? \j onn ] 
the conditioned mechanism becomes attached to an a rea > 1 . c j^ er 
efferent side, which belongs to a reflex. Since reflexes ca ° F ..mining 

motion or secretion, it is evident that conditioned responses, ^ an 
as they do the efferent machinery of reflexes, can do no ro 
this. The number of reflexes upon which conditione respo 


1 Herbivore* fall to develop the salivary conditioned response 
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be superimposed is theoretically as great as the number of reflexes in 
the body. Actually, conditioned responses have been developed in 
relation to cardiovascular reflexes; alimentary reflexes, motor and se¬ 
cretory; pupillary reflexes; reflexes of the skeletal motor system; and 
others. Pavlov and his co-workers usually used the salivary secretory 
reflex, which is a relatively simple part of a much more complicated 
and fundamental alimentary reflex. The unconditioned stimulus was 
food. The experimental animal was the dog. Liddell and co-workers 
have made extensive studies on the motor conditioned response of the 
forelimb—a defensive reaction. The animal that has been studied most 
thoroughly is the sheep, but studies have been made also on the goat, 
pig, dog, and rabbit. The unconditioned stimulus used in these experi¬ 
ments is an induction shock of moderate strength. Gantt and collabora¬ 
tors use the cardiac conditioned (conditional) response in dogs. 

The stimuli in consequence of which conditioned responses may be 
developed, that is, the effective conditioned stimuli, are numerous. Thus 
visual, olfactory, auditory, gustatory, tactual, proprioceptive, and other 
stimuli have been used. 

According to Pavlov, the formation and maintenance of condi¬ 
tioned responses are dependent upon the cerebral cortex, whose com¬ 
plete removal not only abolishes all such reactions but makes the 
acquisition of additional ones impossible. The removal of localized 
areas causes less severe effects; after a period of disturbance of existing 
conditioned responses, they return. More recent work has shown that 
the mediation of learned activity is not an exclusive function of the 
cerebral cortex but is to a small extent a function of subcortical centers. 

Much of the work on conditioned responses (reflexes) was done in 
the laboratories of Pavlov. The results of this work have been made 
available to readers of English in books translated from Pavlov’s Rus¬ 
sian writings. In this country Liddell and co-workers have made im¬ 
portant studies in which several species of farm animals have been 
utilized. 

Circumstances Underlying the Formation of Conditioned Re¬ 
sponses. In order that a conditioned response may be established, it 
is necessary that certain fundamental requirements be met. Some of 
these arc as follows: 

1. There must be substantial temporal coincidence between the 
hithcrto-neutral stimulus that is to be developed into a conditioned 
stimulus, or signal, and the unconditioned stimulus. When the temporal 
relations of the two stimuli—for example, the blast of a whistle and 
food-arc exactly the same, the response that develops, after a number 
of trials, is designated as a simultaneous conditioned response. But the 
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previously neutral stimulus may precede the application of the un¬ 
conditioned stimulus (food), and yet a conditioned response will be 
developed in due time if the former stimulus is continued up to the 
time of application of the latter. Such a reaction is known as a delayed 
conditioned response. It has a latent period equal to the interval be¬ 
tween the beginning of the neutral stimulus and the beginning of the 
unconditioned stimulus. Furthermore, it is possible to develop a con¬ 
ditioned response even though an interval is allowed to elapse between 
the cessation of the neutral stimulus and the application of the un¬ 
conditioned stimulus. The “trace” of the neutral stimulus in the nervous 



Fia. 191.—Diagram of arrangements for studying conditioned responses in the 
dog. A soundproof, opaque partition separates the dog from the observer. 1 e 
devices for observing and stimulating the animal and determining the salivary 
response are shown. (From Pavlov, Lectures on Conditioned Reflexes, Inter 
national Publishers Company.) 

system becomes, after frequent repetition, sufficiently strong to cal 
forth the conditioned response. On the contrary, if the unconditione 
stimulus is applied first and the neutral stimulus afterward, the con 

ditioned response fails to develop. . . . 

2. The nervous system must be in a lively state. If the amma 
drowsy, the conditioned response develops very slowly or, occasiona » 
not at all. Furthermore, the animal must be reasonably well remov 
from the influence of stimuli other than the one that is being d c ' c ? . 

into a conditioned stimulus. Thus the state of alert quiet of t c fln .’ 1 
is not unknowingly disturbed. Isolation of the animal from envi 
ment is accomplished by placing it in an insulated room 1 6- QQTDt 
The experiment is carried on by an operator in an adjoining 
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who observes the animal through a periscope or a window and manipu¬ 
lates a system of controls by which the stimuli are applied. The re¬ 
sponses of the animal are observed or recorded graphically. 

3. The animal must be in good health and thus free from the dis¬ 
turbing influence of pathological stimuli. 

The stimulus that is to be developed into a conditioned stimulus 
should, for best results, be neutral, or as nearly so as possible, at the 
outset. Strong or unusual stimuli become effective with difficulty be¬ 
cause they themselves evoke reflexes. The stimulus for a reflex cannot 
be changed into the stimulus for a conditioned response unless the 
former reaction is physiologically weaker and less important than the 
latter. Because the alimentary reflex is biologically very strong, it is 
possible to transform even nocuous stimuli into conditioned stimuli 
for this reflex. Ordinarily, however, quite innocuous and previously 
inert stimuli are employed. 

Properties of Conditioned Responses. Conditioned responses pre¬ 
sent many features, some of which are similar to those of reflexes and 
some different. Following are several of the properties of conditioned 
responses: 

1. It is possible to develop a conditioned response as the result of 
the application of one stimulus, for example, sound, and a conditioned 
response as the result of the application of another stimulus, for ex¬ 
ample, a flash of light, and to utilize in both reactions the same efferent 
machinery, for example, the salivary mechanism. When the two stimuli 
are applied simultaneously, the response is greater than when they 
are applied independently. This property is spoken of as reinforcement 
and is similar to reinforcement of reflexes. 

2. If a conditioned response is to be kept at a constant strength, 
the conditioned and unconditioned stimuli must be regularly applied 
as during the formation of the reaction. Otherwise it gradually weakens 
and finally disappears. 

3. If the conditioned stimulus is applied repeatedly and in rapid 
succession, but the unconditioned stimulus is withheld, the conditioned 
reaction is greatly weakened, or, in extreme cases, extinguished. Ex¬ 
perimentally extinguished conditioned responses usually regenerate 
spontaneously in several hours. If the response is repeatedly extin¬ 
guished, it finally disappears completely. This is in contrast with 
reflexes, which cannot be extinguished. 

4. By the method of conditioned responses it is possible to test 
the ability of animals to differentiate between stimuli. The ability to 
differentiate between stimuli affecting different receptors, for example, 
the eye and ear, is perfect, so that a conditioned response developed 
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lor light cannot be called forth by sound. But the ability of animals 
to differentiate between stimuli affecting the same receptor is not so 
perfect and varies in different species. If a tone of 1000 vibrations per 
second is developed as a conditioned stimulus for the dog, it is found 
that tones of neighboring frequencies above or below 1000 also call 
forth the response. However, it is possible experimentally to extinguish 
these accessory responses and thus to make the original one more 
specific. In this way it can be shown that although a tone of 1000 
vibrations will stimulate salivary secretion, a tone as near as 1012 
vibrations will be ineffective. By the same general method it has ap¬ 
parently been shown that the dog is able to distinguish sounds up to 
100,000 vibrations per second. The limit of man’s ability is much lower 
than this. Similarly it has been shown that although degrees of lumi¬ 
nosity are well differentiated by the dog, the ability to differentiate 
colors is poorly developed or, in most dogs, entirely absent. Color 
blindness would therefore appear to be the prevailing condition in 
dogs. Discrimination between degrees of cutaneous thermal stimuli 
and of different tactile stimuli is readily made by the dog. 

As judged by the development of conditioned avoidance responses, 
receptors for light appear to function in newborn puppies at about 16 
days and receptors for sound at about 19 days. Odor and contact re¬ 
ceptors appear to function at birth (Fuller, Easier, and Banks). 

SLEEP 

Sleep is a condition characterized by (1) loss of ability critically to 
analyze changes in the environment, (2) increased threshold to sensory 
stimulation, and (3) ability to awaken. All animals have periods of 
rest following periods of activity. Sleep is usually an accompaniment 
of the rest period. Although sleep is characterized by muscular in¬ 
activity, the latter is only relative, as is shown by graphic records and 
motion pictures of sleeping individuals. 

As regards the relation of the periods of rest to the periods o 
activity, animals are of three types: monophasic, polyphasic, and in¬ 
termediate. Monophasic animals typically have a long period of rest 
at night following the activities of the day. Man is by nature mono¬ 
phasic. The same is true of most birds. Polyphasic animals show sev 
eral alternating periods of rest and activity in the 24 hours. Many o 
the wild mammais are of this kind. Animals of intermediate type 
show alternating periods of rest and activity during the day but one 
long period of relative rest at night. Most of the domestic animn s e 
long to this class. Animals that depend largely on optical stimu i or 
information about their environment tend to be inactive at mg 
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whereas those that depend largely on olfactory and tactile stimuli are 
apt to show considerable activity in the dark. The observations of a 
number of investigators indicate that cattle and sheep at pasture are 
likely to graze and walk around considerably at night (Tribe). 

Physiological Changes in Sleep. In addition to the accompani¬ 
ments of sleep mentioned above, a number of others may be listed, 
knowledge of which has been gained, in the main, from studies on 
human beings. The heart rate decreases, and the blood pressure usually 
falls. It had long been believed that anemia of the brain is present, but 
careful records of changes in brain volume have not supported this 
view. The breathing movements are regular in rate and amplitude. The 
partial pressure of carbon dioxide in the alveolar air is increased. The 
alkali reserve of the blood is little affected, but the pH of the blood is 
slightly reduced. The amount of urine secreted is usually smaller, and 
the metabolic rate is decreased. The threshold of sensory stimulation 
is increased; in fact, some reflexes, including the knee-jerk and the 
righting reflexes, disappear. 

Theories of Sleep. A number of theories have been proposed to ex¬ 
plain sleep, but, as is evident from Kleitman’s review of the literature, 
a fully acceptable one is lacking. On the basis of his work Kleitman 
has proposed a theory whose salient features may be summarized as 
follows: The neuromuscular mechanism of postural tonus becomes fa¬ 
tigued, which results in a marked decrease in the number of propriocep¬ 
tive impulses. The highest cerebral centers, thus partly isolated from 
afferent stimulation, fall into a condition of readily reversible inac¬ 
tivity known as sleep. Sleep is favored by any condition that results in 
muscular relaxation. Thus while fatigue of the tonus mechanism is the 
usual cause of such relaxation, it is not the necessary cause. Sleep and 
wakefulness in their diurnal manifestations are largely conditioned 
responses. Recent work emphasizes the importance of an ascending sys¬ 
tem in the brain-stem reticular formation in the maintenance of wake¬ 
fulness (Magoun). This is accomplished by the supplying of a powerful 
drive in the form of nerve impulses to the cortex and other regions of 
the forebrain. Diminution of this activity is believed to be an important 
accompaniment of sleep. 

There are several chemical theories of sleep. The hifpriotorin theory 
of Pi6ron has been reinvestigated by Schnedorf and Ivv. Cerebrospinal 
fluid from dogs kept awake for days will induce profound sleep when 
injected intracisternally into normal dogs. Further evidence is required, 
however, before it can be said that the sleep so induced is caused by 
a specific sleep-producing substance in the fluid from the fatigued dogs. 
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AUTONOMIC NERVOUS SYSTEM 


T HE autonomic nervous system is that division of the nervous 
system which regulates the glands and visceral musculature of the 
body. This is in contrast with the somatic division, which supplies the 
skeletal musculature. The nomenclature of the system of nerves under 
consideration is not fully settled. The terminology used here is in part 
that of Langley. The autonomic nervous system is made up of two 
major divisions: the sympathetic or thoracolumbar and the parasympa¬ 
thetic or craniosacral. The parasympathetic division comprises the 
following outflows from the central nervous system: hypothalamic, 
tectal, bulbar, and sacral. The first three together are sometimes re¬ 
ferred to as the cranial portion of the parasympathetic. The various 
divisions of the autonomic nervous system are shown in the accompany¬ 
ing schema. 

Sympathetic 
(Thoracolumbar) 


Autonomic Nervous 
System (Efferent 
Part) 


Hypothalamic 


Tectal 

Parasympathetic 
(Craniosacral) Bulbar 


l Cranial 


l Sacral 

In Langley’s terminology the autonomic nervous system is entirely 
efferent and peripheral. It is now recognized, however, that t is co^ 
ception is inadequate and that the terminology must he cn nrg^^ 
to include the central origins and pathways, as well as the a 
channels, concerned in the working of the system. Some of the a e 
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channels are specifically related to the functioning of the autonomic 
system, for example, the sinus and aortic nerves. Others carry impulses 
that affect both the somatic and the autonomic divisions. 1 A close 
functional relationship thus exists between the autonomic and somatic 
divisions of the nervous system. 

The efferent part of the autonomic nervous system supplies the 
glands and visceral musculature of the body. Most of these structures 


Visceral afferent fiber 


Somatic afferent fiber 
Spinal ganglion 

Peripheral nerve 


Gray ramus v 



Skin 




White ramus 
Postganglionic fiber 


Vertebral ganglion 
Sympathetic trunk 



Prevertebral ganglion 
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Fig. 192. —Diagrammatic representation of the relation of sympathetic neurons 
to afferent fibers (somatic and visceral), spinal cord, sympathetic trunk, and 
effectors (sweat gland, blood vessel, viscus). Preganglionic fibers are shown in 
solid lines, postganglionic fibers in broken lines, afferent fibers in dot-and-dash 
lines. Arrows indicate the direction of conduction. (From Bailey, Text-Book o) 
Histology, The Williams and Wilkins Company.) 


have a double innervation, which comes in part from the parasympa¬ 
thetic and in part from the sympathetic. On a number of the organs 
the action of the two sets of nerves is antagonistic, but the older con¬ 
cept of a well-defined, balanced antagonism between the parasympa- 

1 In moiiio claAMllrations those Afferent* nro not included in the autonomic nervous system 
It Is largely a matter of terminology, not of physiology. 
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thetic and sympathetic systems is being challenged (Hare, Ingram). 
Tonic action is a feature of a number of the autonomic efferent 
channels. 

After leaving the central nervous system, the nerve fibers to 
skeletal muscle run an unbroken course to their destination. This is not 
true of the nervous pathways to glands and visceral muscle. All the 
fibers of the latter pathways, the efferent fibers of the autonomic 
nervous system, are interrupted somewhere in their peripheral course 
to make synaptic junctions with nerve cells in autonomic ganglia, 
from which new axons arise to run to their destination. Those auto¬ 
nomic nerve fibers that run from the central nervous system to the 
autonomic ganglia are designated as preganglionic fibers; those that 
run from the autonomic ganglia to the place of termination of the 
pathway arc known as postganglionic fibers (Fig. 192). Preganglionic 
fibers are myelinated; postganglionic fibers are generally nonmyelinated. 

The relationship of sympathetic neurons to afferent channels, 
spinal cord, sympathetic trunk, and effectors is shown in Fig. 192. 

The further discussions of the autonomic nervous system will be 

given according to its major divisions. For more detailed information 

regarding the autonomic nerve supply of the different organs, the parts 

of this book devoted to discussions of these organs should be con- 

• 

suited. Many facts regarding the efferent components of the autonomic 
nervous system are shown diagrammatically in Fig. 193. 

THORACOLUMBAR DIVISION OR SYMPATHETIC SYSTEM 

The sympathetic system is that part of the autonomic nervous sys¬ 
tem whose preganglionic fibers issue from the spinal cord in the ventral 
roots of the spinal nerves from the first thoracic to the fourth lumbar 
(dog, cat). The ganglia of the sympathetic system are divisible into 
two classes, vertebral or lateral and prevertebral or collateral. The 
vertebral ganglia occur in a double chain, the sympathetic trunks, 
which extend along the ventral surface of the vertebral column from 
the base of the skull to the tail. They are segmentally arranged ex 
cept in the cervical region, where the number is reduced to two or 
three. The prevertebral ganglia are scattered among the viscera an 
comprise chiefly the celiac or semilunar, anterior mesenteric, an 

posterior mesenteric ganglia. .. 

Connecting the sympathetic chain with the spinal nerves from 

first thoracic to the fourth lumbar are the white rami, which 
of preganglionic fibers, whose place of origin is the intermedio 0 ® 
cell column of the spinal cord. Entering the sympathetic chain, 
fibers run up or down the chain and make synaptic junction w 
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1’io. 193.—Diagrammatic representation of the autonomic nervous system (efferent 
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nerve cells in several vertebral ganglia, or leave the chain and pass, in 
the splanchnic nerves, to the prevertebral ganglia, where they terminate 
in synaptic relation to nerve cells. Thus some preganglionic fibers of 
the sympathetic system terminate in the vertebral ganglia, whereas 
others terminate in the prevertebral ganglia. From the nerve cells in 
the sympathetic ganglia, postganglionic fibers arise and run to their 
destination. 


Course of the Postganglionic Fibers. Most of the postganglionic 
fibers originating in the vertebral ganglia pass to the spinal nerves of 
the corresponding segments and are distributed to the skin as vasocon¬ 
strictor fibers, secretory fibers to the sweat glands, and motor fibers 
to the smooth muscle of the skin (pilomotor fibers). These postgangli¬ 
onic fibers on their way to the spinal nerves are grouped into strands 
known as gray rami, there being a gray ramus for each spinal nerve. 
However, all postganglionic fibers originating in the vertebral ganglia 
do not return to spinal nerves; many of them in the cervical region run 
in plexuses to structures in the head and chest, some of which are as 
follows: (1) the pupil, whose radial muscle fibers receive motor inner¬ 
vation; (2) the salivary glands, which receive secretory fibers; 

(3) certain blood vessels of the head, which receive constrictor fibers; 

(4) the heart, which receives accelerator and vasodilator fibers; and 

(5) the bronchi, which receive dilator fibers. 

The postganglionic fibers originating in the prevertebral ganglia 
have a very extensive distribution to the abdominal and pelvic organs. 
Among the structures supplied are the gastric glands, pancreas, liver, 
and probably the intestinal glands, and the smooth muscle in the walls 
of the esophagus, stomach, intestine, spleen, biliary system, ureter, uri¬ 
nary bladder, reproductive organs, and splanchnic blood vessels. For 
the action of these nerve fibers, the discussions on the physiology of the 
individual organs should be consulted. 

Functions of the Sympathetic Ganglia. From the foregoing discus¬ 
sion it is evident that the sympathetic ganglia represent points of 
synaptic junction in the paths of the thoracolumbar autonomic outflow. 
The cells of origin of the preganglionic fibers are situated in the lateral 
gray columns of the spinal cord. The cells of origin of the postganglionic 
fibers are located in the vertebral and prevertebral ganglia. Those 
preganglionic fibers that make synaptic junction in the prevertebral 
ganglia pass unbroken through the main sympathetic chain. Thus here 
as elsewhere in the autonomic system the efferent nervous paths always 
consist of two neurons. 

The number of postganglionic fibers is much greater than the num¬ 
ber of preganglionic fibers (Kuntz). This is explained by the finding 
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that each preganglionic fiber enters into synaptic relation with many 
(about 15 in the anterior cervical ganglion of the cat) ganglionic nerve 
cells, from which postganglionic fibers originate. This fact indicates 
what is probably the main function of the sympathetic ganglia: they 
bring single neurons into physiological connection with many neurons 
and thus permit diffusion or divergence of nerve impulses to many 
effector organs. In this light the preganglionic neurons appear as 
interneurons, different from ordinary interneurons mainly in that their 
fibers leave the central nervous system to end around nerve cells that 
have wandered toward the periphery—that is, the nerve cells in the 
sympathetic ganglia. 

Another possible function of sympathetic ganglia is to alter the 
frequency of the nerve impulses reaching them from the central nervous 
system to meet the needs of the structures innervated (Cannon). 
According to this theory, nerve impulses reach the ganglia at varying 
frequencies but leave the ganglia at a relatively fixed frequency, which 
is optimal for the tissue innervated. 

Still another function of the sympathetic ganglia may be mentioned. 
The old view that the ganglia can serve as centers of reflex action finds 
support in modern work (Schwartz). It was found in experiments on 
cats that the stellate ganglion could mediate reflexes when completely 
separated from the central nervous system. That the observations could 
not be explained in terms of the axon reflex was indicated by the fact 
that the reflexes were abolished by the injection of nicotine. Hence 
a synapse was probable, for nicotine blocks synaptic transmission in 
the autonomic system. Reflexes through other sympathetic ganglia have 
been demonstrated (Kuntz, 1953). The physiological importance of 
these ganglion reflexes is unknown. 

Chemical Transmission. Recent work shows that stimulation of 
preganglionic sympathetic fibers results in the liberation of acetyl¬ 
choline in sympathetic ganglia. The place of its formation appears to 
be the synapse. It is believed that acetylcholine acts as a chemical 
transmitter of nerve effects from the terminations of the preganglionic 
fibers to the ganglionic nerve cells. Acetylcholine may serve other func¬ 
tions in the ganglia. 

Significance of the Sympathetic System. In spite of the wk e 
distribution and numerous functions of nerve fibers belonging to 1 
sympathetic division of the autonomic nervous system, this division ca n 
be dispensed with entirely and the animal still live in a state of liea ^ 
at least in a protected environment. This was shown in cats by 
and co-workers, who accomplished bilateral removal of the s\ mpa 
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chains, thus breaking all sympathetic pathways. Cats so treated lived, 
in a state of health, for many months in the protected environment of 
the laboratory (Fig. 194). Reproduction took place but milk secretion 
was interfered with. Emotional excitement caused no erection of hairs 
and no consistent increase in blood sugar. The animals were sensitive 
to cold. Basal metabolism was slightly lowered. Further observations 
on reproductive functions in sympathectomized cats have been made 
by Simeone and Ross. Abortions and stillbirths were common. Com¬ 



bo. 194.—Photograph of a cat from which the sympathetic chains, including 
the semilunar ganglia, had been removed. The parts removed are mounted 
on the card above. Her kittens born after she was completely sympathecto¬ 
mized are also shown. Although a barking dog has aroused the cat to protect 
her young, there is no erection of hairs on the cat. (Courtesy of Dr. W. B. 
Cannon.) 

pletely sympathectomized cats are able to do much less muscular work 
(running in treadmill) without fatigue than before the operation. The 
cardiac acceleration accompanying exercise is less in sympathectomized 
cats (Hodcs). Evidently cats lacking the sympathetic system are less 
able than normal cats to withstand unfavorable environmental condi¬ 
tions and other circumstances that put the physiological mechanisms 
under stress. 
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Dogs show fewer effects of sympathectomy than do cats. The general 
behavior of sympathectomized dogs is normal. The capacity to stand 
intense exercise is not diminished (Brouha, Cannon, and Dill, 1936). 
Heat regulation is essentially normal. However, sympathectomized 
dogs are much more sensitive to injected insulin than normal control 
dogs (McDonough). This sensitivity results merely from adrenal 
denervation and therefore failure to secrete adrenaline, for dogs from 
which the adrenal medulla has been removed show the same sensi¬ 
tivity to insulin as dogs from which the sympathetic has been removed 
(Brouha, Cannon, and Dill, 1939). 

Papez, Jensen, and Dukes have reported on two dogs, a male and 
a female, that had been submitted to complete bilateral sympathec¬ 
tomy. No changes in the behavior of the dogs were noted. About a 
year after the operation they were successfully bred to each other. As • 
a result of this mating two normal pups were born and were nursed in 
a normal manner. After two years the sympathectomized animals were 
autopsied to determine the nature and degree of nerve regeneration. 
Some pseudoregeneration of the sympathetic trunks and splanchnic 
nerves was found, but histological examination showed that the num¬ 
ber of regenerated splanchnic and sympathetic nerve fibers was small 
much smaller than gross examination of the false nerve trunks would 
suggest. 

The foregoing considerations, especially as applied to cats, help to 
indicate the main function of the sympathetic nervous system. It is m 
the emergencies of life that it is most useful. In the struggle for ex¬ 
istence the operation of the somatic mechanisms results inevitably in 
changes in the internal environment or fluid matrix of the body. These 
changes would be harmful if they were not promptly corrected. It- is 
the function of the sympathetic system together with the adrena 
medulla (sympathico-ndrenal system) to bring the internal environ 
ment promptly back to its normal condition of stability and constancy » 
in short, to maintain homeostasis. In carrying out its function of pre 
serving homeostasis, the sympathetic system acts as a whole, or 1 
fusely. The sympathectomized animal lacks this emergency mcc anis 
so important in the maintenance of homeostasis. The explana ion ^ 
the fact that the dog is so little affected by removal of a large P* ^ 
his homeostatic mechanism (sympathectomy) is probably seen in 
other physiological mechanisms, not controlled by the symp* 
that have been emphasized in the development of the dog as a n * j n 
animal (McDonough). Some of these are large heart an 
relation to body size, large blood volume and high hernog o in 
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large vaporizing surface (mouth and tongue), and ease with which 
shivering occurs. 

In addition to this emergency function, the sympathetic carries on 
other activities in the organism. These are for the most part tonic and 
are concerned in the maintenance of heart rate, blood pressure, bron¬ 
chial size, pupillary size, and other physiological states. Apparently 
in carrying on these functions in the quiet animal not all of the pre¬ 
ganglionic fibers are conducting. The number in action can be increased 
or decreased reflexly. If an emergency arises, many, probably all, go 
into action. Some of the sympathetic pathways are completely quiet 
at times. This is true of those to the sweat glands and smooth muscle 
in the skin. 

PARASYMPATHETIC OR CRANIOSACRAL DIVISION 

Hypothalamic Outflow. Preganglionic fibers arising from nerve 
cells in the supraoptic and other hypothalamic nuclei concerned with 
parasympathetic functions supply innervation to the posterior lobe 
of the pituitary body. Thus the secretion of the hormones produced by 
the posterior lobe is brought under nervous control. 

Tectal Outflow. The preganglionic fibers of this part of the auto¬ 
nomic nervous system arise in the visceral motor, or Edinger-Westphal, 
nucleus of the midbrain and run in the oculomotor nerve to the ciliary 
ganglion. Here they terminate in synaptic relation with nerve cells 
giving origin to postganglionic fibers, which supply motor innervation 
to the sphincter pupillae and the ciliary muscles of the eye. 

Bulbar Outflow. Bulbar autonomic fibers are found in the follow¬ 
ing cranial nerves: facial, glossopharyngeal, vagus, and accessory. 

Autonomic Fibers in the Facial Nerve . One group of preganglionic 
fibers, originating in a salivary secretory center in the medulla, runs 
in the chorda tympani to the submaxillary ganglion, from whose cells 
postganglionic fibers arise and pass to the submaxillary and sublingual 
glands. These fibers are secretory and probably vasodilator in function. 

The other preganglionic fibers of the facial nerve reach the spheno¬ 
palatine ganglion via the greater superficial petrosal nerve, where they 
terminate. From nerve cells in this ganglion postganglionic fibers arise 
and supply secretory nerves to the lacrimal glands and vasodilator and 
secretory nerves to the blood vessels and glands of the mucosa of the 
nasal and palatine regions. 

Autonomic Fibers in the Glossopharyngeal Nerve. The pregan¬ 
glionic fibers of this nerve originate in a salivary secretory center in 
the medulla and pass, via the nervus tympanicus and the lesser 
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superficial petrosal nerve, to the otic ganglion, where they end. From 
cells in this ganglion, nerve fibers arise and run in the auriculotemporal 
nerve to the parotid gland, to which they supply secretory and probably 
vasodilator innervation. 

Autonomic Fibers in the Vagus and Accessory Nerves. The auto¬ 
nomic fibers of the vagus are numerous, have varied physiological 
functions, and are widely distributed. The preganglionic vagus fibers 
originate in the dorsal motor nucleus of the vagus, pass without in¬ 
terruption to the organs innervated, and there make synaptic junc¬ 
tions with ganglion cells. From these cells postganglionic fibers, usually 
short, arise and run to the terminations of the paths. 

The musculature of the esophagus, stomach, small intestine, and 
upper part of the large intestine receives motor and, in some instances, 
inhibitory vagus innervation. The cells of origin of the postganglionic 
fibers are located in the intrinsic plexuses of these organs, especially 
the myenteric plexus. (For discussions and the literature, see Gaskell, 
Kuntz, Alvarez.) 

The gastric glands, the pancreas, and possibly the duodenal glands 
receive secretory fibers from the vagus. The kidney also receives vagus 
innervation, but the significance of this is not clear. 

The vagus supplies inhibitory (and, to a less extent, accelerator) 
fibers to the heart. The preganglionic fibers are long, whereas the 
postganglionic fibers are short, originating from nerve cells located 
in the heart itself. The trachea and bronchi receive constrictor fibers 
from the vagus. 

The autonomic fibers of the accessory nerve are identical in origin 


and termination with the autonomic fibers of the vagus. 

Sacral Outflow. The cells of origin of the sacral autonomic fibers 
are situated in the lateral part of the ventral gray column in the sacra* 
region of the spinal cord. These fibers leave the spinal cord in the firs 
three sacral nerves, from which they issue to form the pelvic nerve, or 
nervus erigens. Being preganglionic fibers, they make synaptic June 
tions with ganglion cells, which are scattered in proximity to thep e wc 
organs. From these cells postganglionic fibers arise and supp y 
arterioles of the rectum, anus, and external genital organs an 
musculature of the colon, rectum, anus, bladder, and externa gen 

organs. . . 

Significance of the Parasympathetic System. As previously » 

the sympathetic system is capable of acting as a unit. T e on ^ 
aratc levels of parasympathetic outflow suggest that the di 
of the parasympathetic system are functionally unrelatc 0 
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other and would not show the unitary action of which the sympathetic 
is capable. These views are supported by various studies. Lack of 
unitary action may therefore be said to characterize parasympathetic 
responses. No useful purpose to the organism would be served by having 


such unrelated acts as salivary secretion, cardiac 


inhibition, gastro¬ 


intestinal motor activity, and vascular engorgement of the genital or¬ 


gans occur simultaneously. 

Isolated parasympathetic effects are further provided for by the 
relationship of the preganglionic fibers to the ganglia which give origin 
to the postganglionic fibers. These ganglia are situated within or close 
to the organs supplied, and the ratio of preganglionic fibers to gangli¬ 
onic cells is only J :2 (ciliary ganglion). When located within the 
organ (heart, intestine), tlie ganglia are widely distributed structures. 

Broadly speaking, parasympathetic effects have to do with conserva¬ 
tion and restoration of the resources and reserves of the organism. 


CHEMICAL TRANSMISSION AT AUTONOMIC NERVE ENDINGS 

It is now generally held on the basis of substantial evidence that 
the final transmission of nerve effects from autonomic nerve endings 
to the effector cells (muscle, gland) is by means of chemical substances 
released at the nerve endings when the nerves are conducting. Between 
the nerve ending and the effector a neurocellular junction—a sort of 
peripheral synapse—exists, and it is across this that chemical transmis¬ 
sion occurs. Most sympathetic nerve fibers are adrenergic; most para¬ 
sympathetic fibers cholinergic. In a few instances fibers that are ana¬ 
tomically sympathetic are cholinergic. Whether or not there are any 
instances of adrenergic parasympathetic fibers is uncertain. The terms 
sympathetic and parasympathetic have, therefore, anatomical rather 
than physiological significance. The physiological terms are adrenergic 
and cholinergic. 

Present evidence indicates that noradrenaline (norepinephrine, 
arterenol) is the principal adrenergic nerve mediator or transmitter. 
However, adrenaline is present in small amounts mixed with nor¬ 
adrenaline. Acetylcholine is the cholinergic nerve transmitter. The 
chemical mediators are rapidly inactivated in the tissues by enzymes— 
oxidases for noradrenaline, cholinesterase for acetylcholine. (Other 
cholinergic nerves include all preganglionic fibers in the autonomic 
system and the motor fibers to skeletal muscles.) 

Many drugs affect the autonomic nervous system, particularly the 
adrenergic and cholinergic nerves. For these actions, textbooks of 
pharmacology may be consulted. 
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AFFERENT PATHS AND CENTRAL REPRESENTATION 

In Langley’s nomenclature the autonomic nervous system is entirely 
efferent. It is known, however, that afferent nerve fibers and nerve 
centers are functionally associated with this system, and they are now 
regarded as a part of it (p. 803). 

Afferent nerve fibers concerned in inaugurating autonomic responses 
are of two kinds: (1) somatic afferent components of the craniospinal 
nerves and (2) visceral afferent components. The first group will re¬ 
ceive no further consideration here. Fibers of the second group have 
their cells of origin in the craniospinal ganglia, contrary to a view 
sometimes held that the cells are located in autonomic ganglia. There¬ 
fore in regard to the location of their cell stations, these fibers do not 
differ from somatic afferent fibers. They pass through autonomic 
ganglia but without making functional connections therein. The im¬ 
pulses that they conduct do not ordinarily reach consciousness but 
excite reflex activity in the autonomic system. Examples of visceral 
afferent nerves are the sinus and aortic nerves, the numerous afferent 
fibers in the splanchnic nerves, and parasympathetic afferent fibers. 

Many of the nerve centers concerned in the functioning of the 
autonomic system have been dealt with in appropriate places in this 
book. These centers are located particularly in the medulla oblongata. 
They are subject to reflex control and many of them are in tonic action. 

In addition to the bulbar centers, there are hypothalamic centers 
for both sympathetic and parasympathetic functioning. The sympa¬ 
thetic center is located in the posterior part of the hypothalamus. It 
is the mechanism through which the emergency function of the sympa¬ 
thetic system is mediated (Bard, 1929). The parasympathetic centers 
are located in the middle and anterior portions of the hypothalamus. 

Finally, there is widespread cortical representation of the autonomic 
nervous system. This is believed to be the neurological basis of regiona 
adjustments of autonomic activity to somatic functions. 

VISCERAL PAIN 

From observations made under local anesthesia it is known that 
the viscera can be handled, pinched, cut, or burned without the su 
ject feeling any pain. Facts such as these gave rise to the idea ® 
the viscera are insensitive. As a matter of fact, nerve impulses 
rise to pain can originate in the viscera if a suitable stimulus is P rese 
The following stimuli are effective: (1) distention, (2) strong c °° r . ca j 
tion, especially if it is accompanied by ischemia, and (3) c 

substances. 
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Most impulses mediating visceral pain are conducted to the central 
nervous system via afferent fibers in the sympathetic nerves. The 
splanchnic nerve is very rich in afferent fibers. The cell bodies of 
these visceral afferent fibers are located in the dorsal root ganglia 
much as are those of somatic afferent fibers. The central processes 
derived from these cells enter the spinal cord in the dorsal roots. 

Some visceral pain fibers enter the central nervous system as para¬ 
sympathetic afferent fibers, but the visceral regions so supplied are not 
extensive. Apparently the vagus nerve does not contain pain fibers 
below the origin of the recurrent laryngeal nerve. Pain impulses fiom 
the lower part of the alimentary canal and from the bladder are con¬ 
ducted into the central nervous system via the dorsal roots of the 
sacral nerves and therefore traverse parasympathetic afferent fibers. 

Two kinds of visceral pain are recognized: referred and deep or 

unreferred. 

Referred Visceral Pain. This component of visceral pain is re¬ 
ferred to, and localized on, the surface of the body. Referred visceral 
pain is rlennatomcil, that is, it is referred to the dermatome supplied 
by the dorsal root through which the visceral pain impulses enter the 
spinal cord A dermatome is a region of the skin which receives 
afferent innervation from a single dorsal spinal root. Dermatomes 
for man have been carefully mapped, but knowledge on this point 
for animals is meager. 

That referred visceral pain is dermatomal is well established, but 
the explanation of the fact is somewhat in doubt. The convergence- 
projection theory fits well with modern knowledge of the physiology of 
the nervous system and is believed to afford an adequate explanation 
of referred visceral pain. A visceral afferent fiber and a cutaneous pain 
fiber both converge on a nerve cell which gives origin to a fiber of 
the spinothalamic tract. Pain impulses from the viscera therefore 
reach the same area of the brain that pain impulses from the skin 
would reach. The sensation of pain is therefore projected to, and 
localized on, the part of the body surface that experience has shown 
to be the source of stimuli when a certain part of the brain is receiving 
impulses. 

Hyperesthesia , or excessive sensitiveness of the skin, may ac¬ 
company irritation of the viscera. This is dermatomal in reference. 

Muscular rigidity may accompany irritation of the viscera. This 
occurs as a viscerosomatic reflex because of the connections in the 
spinal cord between the visceral afferent paths and the motoneurons. It 
is a flexor reflex and in peritonitis, for example, rigidity of the ab- 
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dominal muscles and the resulting immobilization would assist in 
localizing the infection. 

Deep Visceral Pain. In visceral pain in man, and presumably in 
animals, there is a severe, deep, unreferred, poorly localized com¬ 
ponent. A probable explanation of the unreferred nature of this pain 
is that the fibers over which it is conducted terminate in relation to 
private neurons in the spinothalamic tract—neurons which lack con¬ 
verging somatic afferents and therefore lack a structural feature re¬ 
quired for reference. The explanation of the poor localization of this 
pain probably lies in the fact that the individual does not know from 
visual or other experience the source of the painful stimulation and 
therefore lacks the background of knowledge necessary for localization. 



Chapter XXXVI 


VISION 


ANATOMICAL CONSIDERATIONS 

T HE eye may be said to comprise the eyeball or globe of the eye, 
the optic nerve, and certain accessory structures: the eyelids, con¬ 
junctiva, lacrimal apparatus, and ocular muscles. I he eyeball is a 
spheroidal body consisting of three tunics or coats and containing 
the aqueous humor, crystalline lens, and vitreous humor (Fig. 195). 

Tunics of the Eye. The fibrous tunic or external coat gives strength 
to the eyeball. It consists of an anterior part, the cornea, and a pos¬ 
terior part, the sclera. The cornea is a transparent, colorless, non- 
vascular connective tissue structure with an index of refraction so 
nearly the same throughout that it is practically homogeneous opti¬ 
cally. The sclera forms the greater part of the fibrous tunic. It joins the 
cornea at the sclcrocorneal junction. It is composed largely of dense 
white fibrous connective tissue and is opaque to light. 

The vascular tunic or middle coat comprises the choroid, ciliary 
body, and iris. The choroid consists mainly of blood vessels, pigment 
cells, and some connective tissue. Three layers are evident: the supra¬ 
choroid layer, whose cells contain a brownish pigment; the vascular 
layer or choroid proper, which contains the branches of the ciliary 
arteries and veins; and the capillary layer, which contains a rich 
capillary network. Between the vascular and capillary layers, in the 
posterior part of the eye, a peculiar, lustrous, opaque structure, the 
tapetum, is found. It occurs in all domestic animals except the pig. Its 
color varies greatly in different species and is often strikingly beautiful 
(Johnson). Light passing through the transparent retina is collected by 
the tapetum and reflected to the retinal receptors, thus providing 
more efficient stimulation. The chief function of the choroid is to supply 
nutrition to the outer layers of the retina. 

The ciliary body is a ring of tissue joined to the choroid behind 
and to the iris in front. Its main components are the ciliary processes 
and the ciliary muscle. The numerous ciliary processes form a circle of 
radial folds surrounding the lens and giving attachment to its sus¬ 
pensory ligament. They are very vascular structures. The ciliary' 
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muscle is a ring of smooth-muscle fibers. Some of these are arranged 
meridionally and others circularly. 

The iris is a muscular diaphragm arising from the ciliary body. It 
presents a central opening, the pupil, whose shape varies in different 
species and with different degrees of dilatation (Johnson). Corpora 
nigra, or granula iridis, are found at the upper and lower margins 
of the pupil of horses and ruminants. They are described as “cystic pro- 
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Fia. 195.—Vertical section of eyeball of horse. (From Sisson, Anatomy; 

copyright—W. B. Saunders Company.) 


trusions of the pigmented retinal layers” (Walls). The iris presents 
three layers: an external epithelial layer; a middle, usually pigmented, 
fibrous layer; and an internal, pigmented, epithelial layer. The muscle 
fibers of the iris are arranged in two ways. Some surround the pupi 
and constitute a sphincter pupillac; others are radially disposed m e 
iris and form a dilator pupillac. These muscle fibers are smooth in 
mammals, striated in birds. 

The retina or nervous tunic is the light-sensitive coat of the eye. 
It is connected to the brain by the optic nerve, whose receptors are 
the rods and cones of the retina. Embryologically the retina is m ac^ 
a part of the brain and the optic nerve a cerebral tract. The struc 

of the retina will be considered later. 

Contents of the Eye. The lens is a bioconvex transparen m^ ^ 
situated between the vitreous body and the iris. Its anterior surac^ 
bathed by the aqueous humor and is in partial contact wit 1 
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Its posterior surface, more strongly curved that the anterior, fits into a 
depression in the front of the viterous body. I lie lens, although ap¬ 
parently optically homogeneous, is not actually so, its refractive power 
increasing from the periphery to the center. 1 his fact helps to conect 
for the optical defect known as spherical aberration. The lens is in¬ 
closed in an elastic, transparent membrane known as the capsule. 


Supporting the lens is its annular suspensory ligament, which extends 
from the ciliary processes to the capsule of the lens, where it is in¬ 
serted on each side of the equator of the lens. I he spaces between the 
fibers of the suspensory ligament communicate with one another and 
with the posterior chamber and are filled with aqueous humor. Pos¬ 
teriorly the suspensory ligament is intimately related to the hyaloid 
membrane of the vitreous body. 

The vitreous body is a transparent, jelly like substance found in the 


cavity of the eye behind the lens. It is probably to be regarded as deli¬ 
cate, loose, gelatinous connective tissue. The vitreous body has a water 
content of about 98 per cent. In origin and composition the liquid of 


the viterous body resembles aqueous humor. 

The aqueous humor is a watery liquid found in the spaces between 
the lens and the cornea and in the interstices of the suspensory liga¬ 


ment. Aqueous humor resembles cerebrospinal fluid in composition. It 
is derived from the blood, mainly that in the capillaries of the ciliary 
processes, but the mechanism of its formation is not fully known. 
Kinsey and co-workers have recently studied the rate of movement of 
water into and out of the eye, the rate of accumulation of electrolytes 
in the anterior chamber, and the mechanism of aqueous humor forma¬ 
tion. These investigators believe that nonelectrolytes (urea, glucose, 
and others), as well as water, enter the anterior chamber of the eye by 
diffusion and electrolytes by secretion. 

By a process of diffusion aqueous humor supplies nutrition to the 
avascular lens and cornea. The chief method of removal of aqueous 
humor is by absorption into the vein known as the canal of Schlemm, 
which is situated close to the corneoscleral junction. The contents of 
the eye are under a certain amount of pressure known as the intra¬ 
ocular pressure, which is equal to about 25 mm. Hg. It gives firmness 
and evenness to the eyeball. 

Further anatomical facts will be given in conjunction with the 
physiological discussions. 


THE EYE AS AN IMAGE FORMER 

The Adequate Stimulus. A sensation of light may be produced by 
various kinds of stimuli affecting the retina or the optic nerve. Pres- 
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sure, electrical stimuli, or cutting may be effective, but the adequate 
stimulus (p. 733) is the action of light on the retina. The eye is there¬ 
fore an extcroceptor, a distance receptor (teleceptor), and a radio- 
ceptor. Objectively light consists of electromagnetic waves propagated 
through space. Subjectively it is the sensation experienced when the 
optic nerve is stimulated. The velocity of all electromagnetic waves 
is 300,000 km. per second, but their wavelengths vary greatly. Some 
waves (electric waves, infrared rays) are too long to stimulate the 
retina, while others (ultraviolet rays, X-rays) are too short. Those 
waves (visible light) capable of stimulating the retina of man vary 
from about 0.00072 mm. (limit of the red) to 0.0004 mm. (limit of the 
violet) in length. In terms of angstrom units these values are 7200 and 
4000, this unit being 10 7 mm. Visible light therefore covers somewhat 
less than an octave of the spectrum. Experiments seem to show that the 
eyes of mammals respond to the same spectral limits as the eyes of 
man. Infrared radiations raise the temperature of substances that ab¬ 
sorb them; they are therefore sometimes referred to as the thermal 
part of the spectrum. Ultraviolet radiations cause chemical activity 



Fio. 196.—Showing the refraction of 
light. The rectangle represents a plate 
of glass surrounded by air. The dotted 
lines are normal (perpendicular) to 
the surfaces of the glass. AB repre¬ 
sents an oblique ray of light. Upon 
passing from the rarer medium, air, to 
the denser medium, glass, the ra> 
is refracted toward the normal, whereas 
upon passing from the denser medium 
to the rarer, the ray is refracted away 
from the normal. 


in substances that absorb them; they are therefore referred to ns t ie 
actinic part of the spectrum. Visible-light radiations stimulate t 
retina; they are therefore termed the luminous part of the spectrum. 
These distinctions, however, are not sharp, for the three parts merge 

into and overlap one another. 

Some objects, as the sun, an incandescent lamp, or a fir e Y> ® 
visible by reason of light which they themselves give off. Most o je ^ 
are visible by reason of light from other sources which they re 
the eye. 
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All light rays diverge somewhat, but rays coming from a source 
not nearer than about 20 feet may, so far as the eye of man is con¬ 
cerned, be regarded as parallel. 

Refraction. When light travels through a homogeneous transparent 
medium such as air, it moves at a uniform velocity and in a straight 
line; but when it falls obliquely on the surface of another transparent 
medium, part of it is reflected, while the rest travels through the new 
medium at a different velocity and in a different direction. This altera¬ 
tion in the direction and velocity of light is known as refraction. When 
light passes from a rarer medium into a denser, the direction of re¬ 
fraction is toward the normal (perpendicular), whereas when it passes 
from a denser medium into a rarer, the direction of refraction is away 
from the normal (Fig. 196). Light passing into a medium as a normal 
to its surface is not refracted. Because a denser medium bends and 
slows light passing into it from a rarer medium, the denser medium is 
said to have a greater index of refraction than the rarer. 

Convex Lens. When parallel rays of light fall upon the surface 
of a biconvex lens, they are converged to a focus or point beyond the 
other surface (Fig. 197). For parallel rays this point is known as the 
principal focus of the lens. The distance between the lens and the 



Fio. 197.—Showing the convergence of parallel rays to a point, the 
principal focus, after they have been refracted by a convex lens. 

principal focus is known as the principal focal distance, or the focal 
length, of the lens. The focal length is determined by the curvature 
and refractive index of the lens. The power, or “strength," of a lens 
is expressed by the reciprocal of its focal length. In physiological optics 
the unit of power of a lens in the diopter (D), which is a lens with a 
focal length of 1 meter. A lens with a focal length of 0.5 meter has a 
power of 2 D; one with a focal length of 2 meters, a power of 0.5 D, 
and so on. 

Conversely, if a luminous point is situated at the principal focus 
of a lens, the rays leaving the other surface of the lens will be parallel. 

If a luminous point is situated at a distance from a lens greater than 
its focal length but not so great as to emit parallel rays, the rays, which 
are divergent, will be brought to a focus, on the other side of the lens, 
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farther away than the principal focus. This is the conjugate focus 
(Fig. 198). 

A line passing through the centers of curvature of the surfaces of 
a lens is known as the optic axis. Situated on this axis is a point, known 
as the nodal point, through which a ray of light may pass without 
undergoing refraction. 



Fig. 198.—Showing the convergence of divergent rays to a point, the 
conjugate focus, after they have been refracted by a convex lens. 

Image Formation. If light from an object is made to fall on a 
convex lens and a screen is placed at the correct distance behind the 
lens, an inverted image of the object is thrown on the screen. The 
photographic camera may be used to illustrate the formation of an 
image by a convex lens. If the camera is properly focused, an inverted 
image of the light-emitting object can be seen on the ground glass at 
the back of the camera. The eye acts like a convex lens or a photo¬ 
graphic camera in the formation of an image. If the excised eyeball of 
an animal, especially an albino, is held near a candle, an inverted image 
of the flame can be seen on the retina. Although the image thrown on 

the retina is inverted, the object is seen erect. 

In the eye the principal refractive media are the cornea and lens. 
In the human eye the cornea is more refractive than the lens, whereas 
in the eyes of most mammals the reverse is true. _ 

As in the photographic camera, so in the eye, the exclusion of ig 1 
is important. In the eye the opacity of the sclera and the pigmen ® 
the choroid, retina, and iris ordinarily ensure the exclusion of al ig^ 
except that entering through the pupil. In albinos these pigmen s 

absent and vision is poor. . . 

Like other optical instruments the eye shows several op 1(, a 
fects. One of these, spherical aberration , results from the fact t in r ^ 
falling on the peripheral parts of a lens are refracted more t an ^ 
falling on the central parts. Consequently the periphera 
focused sooner than the central, and a blurred image resu s. 
cal aberration is made negligible in the eye principally ec ®\ Q ff 
iris, acting like the diaphram in a photographic camera, c ^ 
peripherally directed rays. The increase in refractive powe 
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lens of the eye from the periphery to the center (p. 817) also helps to 
compensate for spherical aberration. Another optical defect is chro¬ 
matic aberration. This results from the fact that the short waves at the 
violet end of the spectrum are refracted more, and therefore brought to 
a focus sooner, than the longer red waves. The image therefore tends 
to have a colored outline. Although the eye possesses little compensa¬ 
tion for chromatic aberration, the condition is ordinarily not noticeable. 
One reason why chromatic aberration is of little significance in vision 
is that those parts of the spectrum that are most important in chro¬ 
matic aberration—extreme red and extreme blue—play only a minor 
part in stimulating the retina. 

Accommodation. When the refractive mechanisms of the normal 
eye are in a condition of rest, parallel rays, that is, rays from objects 
not nearer than about 20 feet (for man), are brought to a focus on the 
retina. Such an eye is said to be emmetropic (Fig. 199). Its posterior 
principal focus is located on the retina and its far point of distinct 
vision is at infinity (20 feet or more). Objects closer than 20 feet to 



Fio. 199.—Emmetropia. Parallel rays are brought to a focus on the retina. 


the eye give off divergent rays, which are brought to a focus back of 
the retina. If such an object is to be seen distinctly, some adjustment 
in the optical system of the eye must take place. If the object is 
brought still closer to the eye, a point is finally reached beyond which 
further adjustment is impossible. This is the near point of distinct 
vision. Objects situated closer to the eye than this point cannot be 
seen distinctly. For the eye of the cat the far point is about 20 meters 
and the near point 10 cm. (Pizon). 

The adjustment in the optical system of the eye that makes possible 
the changes from distant vision to near vision, and the reverse, is 
known as accommodation, which may be compared with the focusing of 
a camera. The camera is focused for near objects by moving the 
screen farther back or by moving the lens farther forward. Accom¬ 
modation in fishes is effected by moving the lens forward or backward; 
m some birds, by changing the curvature of the cornea. In man there 
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is much evidence that accommodation for near objects is brought 
about by increasing the curvature of the lens, mainly the anterior sur¬ 
face, by action of the ciliary muscles. Essentially the same process 
probably holds good for most mammals. However, in domestic ani¬ 
mals, particularly Herbivora, the power of accommodation is weak 
and the ciliary muscle is poorly developed. The fibers of the ciliary 
muscle are so arranged that, when they contract, the anterior part of 
the choroid is drawn forward and the apices of the ciliary processes are 
pulled together. Thus tension on the suspensory ligament is relaxed, 
and the lens, which is somewhat flattened by the pull exerted on it 
by the suspensory ligament, bulges, principally forward, where the 
resistance is less. The vitreous body prevents any extensive change in 
the curvature of the posterior surface of the lens. Relaxation of the 
ciliary muscle allows the structures passively to assume their former 
position. 

With increasing years there is a gradual decrease in the elasticity 
of the lens and therefore in the power of accommodation. In old 
ago (in man) the power of accommodation is lost, and glasses become 
necessary for close work. The condition is designated as presbyopia. 

The ciliary muscle receives motor innervation from the third cranial 
nerve, the fibers belonging to the parasympathetic division of the auto¬ 
nomic nervous system. They arise in the motor nucleus of the third 
nerve as preganglionic fibers and make synaptic junctions with nerve 
cells in the ciliary ganglion, from which postganglionic fibers arise. 
These fibers arc blocked by atropine and stimulated by pilocarpine, 
arecoline, acetycholinc, and eserine. They are therefore cholinergic. 

Work by Olmsted and Morgan shows that the cervical sympathetic 
is also concerned in accommodation. Stimulation of the cranial en 
of the nerve results in flattening of the anterior surface of the lens. 

Accompanying accommodation for near objects arc associated nous 
cular movements: the pupil contracts, thus improving vision, an e 
eyes, in animals possessing stereoscopic vision, converge on the o jec 


examined. 

Pupillary Changes. The fact that the pupil contracts duringj*^ 
commodation was noted above. Furthermore, the size of te 
changes in response to the amount of light entering the eye. ,,s 
familiar fact and can easily be demonstrated. In the dark t e # P 1 ^ 
dilates because of the contraction of the dilator muscle, whereas 
light it is constricted because of contraction of the sphincter 111 

The reactions of the pupils to light are reflexes. In Amphi lfl ’ 
and some of the lower mammals (rabbit) the reflex contraction 
pupil occurs only in the eye stimulated. In man and the lug er 
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mals the reflex is bilateral (Harris). Ungulata seen to occupy an in¬ 
termediate position, the contraction in the unstimulated eye being 
slight. The afferent fibers for the pupillary reflex are contained in the 
optic nerve, but it is uncertain whether they are identical with the 
ordinary sensory fibers of this nerve. The efferent fibers are parasympa¬ 
thetic and sympathetic. The parasympathetic fibers, contained in the 
third cranial nerve, supply motor innervation to the sphincter muscle of 
the pupil. Their cell relays are located in the ciliary ganglion. The reflex 
center is situated in the midbrain. The sympathetic fibers supply motor 
innervation to the dilator muscle. The fibers leave the spinal cord in the 
ventral roots of the last cervical and first two thoracic nerves and pass 
in the sympathetic chain to the anterior cervical ganglion, where they 
terminate. From nerve cells in this ganglion postganglionic fibers arise 
and run to the dilator muscle. The action of these nervous mechanisms 
is tonic, but the principal reflex regulation is brought about through the 
parasympathetic innervation. 

The pupillary nervous mechanism is influenced by many drugs. 
Atropine blocks the constrictor nerves and causes the pupil to dilate. 
Pilocarpine, aiecoline, acetylcholine, and eserine augment the con¬ 
strictor effects and cause the pupil to contract. Adrenaline stimulates 
the dilator nerves and causes pupillary' dilatation. 

The pupillary responses to light, drugs, and accommodation are not 
as well defined in Ungulata as in the other mammals (Johnson). 

Errors of Refraction. When the mechanisms of accommodation are 
at rest the emmetropic eye brings parallel rays to a focus on the retina. 



Fio. 200 —Myopiu. Purullel rays are brought to a focus in front of the retina. 

However, all eyes are not emmetropic, many suffering from various 
errors or defects of refraction. When the resting eye brings parallel 
rays to a focus in front of the retina, the condition is known as myopia, 
short-sight, or near sight (Fig. 200). A blurred image results. The most 
common cause of the condition is an abnormally long anteroposterior 
diameter of the eyo. It may be caused, however, by too refractive an 
optical apparatus. In either case the result is the same. In myopia both 
the far point and the near point of distant vision are located closer to 
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the eye than in emmetropia. Myopia can be corrected by the use of a 
concave lens, which decreases the refractive power of the eye. 

When the resting eye bring parallel rays to a focus behind the 
retina, the error of refraction is known as hyperraetropia, hyperopia, 
of far-sight (Fig. 201). The most frequent cause of hyperopia is a 
shortened condition of the eyeball. In order to see anything clearly the 
hyperope must accommodate. The defect can be corrected by the use 
of a convex lens, which causes the rays to come to a focus sooner. 



Fio. 201.—Hyperopia. Parallel rays are brought to a focus behind the retina 

Another common error of refraction is known as astigmatism. It is 
present when the refractive surfaces of the eye are not segments of 
spheres, that is, when they have different radii of curvature in different 
meridians. Therefore rays of light reaching the meridians of unequal 
curvature are not focused to a common point, and poor vision results. 
It is as if the eye were emmetropic in some meridians and myopic or 
hyperopic in others. Astigmatism may affect the cornea or the lens, or 
both, but the cornea is more commonly at fault. If the defect lies in a 
vertical or horizontal plane, it can be corrected by the use of a cvlin n 
cal lens—a lens that reflects in one plane but not in the other. 

Myopia with or without astigmatism is, according to Smith, e 
chief visual defect in horses. However, the amount of error is not grea 
Johnson states that myopia with or without astigmatism occurs re 
quently in domestic animals; other errors of refraction are met vu 
Most wild animals have hyperopic vision. 

RETINA 

The retina is a nervous structure showing the presence r ^ er - 

of neurons: the rod and cone visual cells, neurons of the rs or ^ 
bipolar cells, neurons of the second order; the ganglion ce 8, ” e ^ an( j 
of the third order, giving origin to the fibers of the optic nerve, ^ 
horizontally running correlation neurons (Fig. 202). The axons 
ganglion cells, that is. the fibers of the optic nerve, are the on 
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that pass beyond the retina itself. The initial parts of the rod and 
cone visual cells constitute the rods and cones proper. They lie next to 
the pigment layer, which is the outer retinal layer. The rods and cones 
are the light-sensitive elements of the retina. The optical apparatus of 



I'io. 202.—Schematic diagram of the structure of the retina. I, Pigment layer 
(external layer of retina); II, III, rod and cone visual cells (the rods and cones 
proper are shown in solid black above the dotted line); V, horizontally running 
correlation neurons; VI, bipolar cells; IX, ganglion cells; X, axons of the ganglion 

cells, going to form the optic nerve. (Greef; from Howell, Physiology; copyright_ 

NV. B. Saunders Company.) 

the eye, considered above, serves to throw an image on these structures, 
w hereupon nerve impulses are set up, which pass, by way of the visual 
path (p. 794), to the brain. 

r Ihat the rods and cones are the ultimate receptors is indicated bv 

* 
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a number of facts such as the following: (1) The retinal blood vessels 
and corpuscles form shadows which may be seen under certain condi¬ 
tions. Evidently the receptors in the retinal wall are external to the 
blood vessels; otherwise the shadows w T ould not fall on them. (2) Rods 
and cones are absent from the place in the retina where the optic nerve 
leaves the eyeball. This area, the optic disk, is composed only of nerve 
fibers. It is insensitive to light and is called the blindspot. Since the 
optic disk is composed of nerve fibers, it follows that these elements 
are insensitive to light. (3) The retina of man and the anthropoid apes 
shows the presence of an area, the yellow spot or macula lutea, toward 
the center of which is a depression, the fovea centralis. The fovea is so 


situated that it is on the line of sight, or visual axis. Composed mainly 
of cones, it is the retinal point of most acute vision. Mammals below 
man and anthropoids (felines may be an exception) do not possess a 
true fovea centralis but do have a less sharply delimited area that is 
more sensitive than the rest of the retina. 

Objective Changes in the Retina. When light acts on the retina, 
certain changes take place, resulting in stimulation of the rods and 
cones. A nerve impulse is then set up, which passes to the visual area 
in tiic brain, where the sensation is perceived. Several changes in the 
retina have been demonstrated to occur, but it is not certain that any 
of these represents the fundamental change that causes the nerve im¬ 
pulse to be generated. 

Electrical Changes. That the eye is the seat of electrical changes 
resulting from stimulation by light has been shown by many workers. 
If an excised eye is eonnected with a galvanometer by means of non- 
polarizable electrodes, one on the cut optic nerve and the other on the 
cornea, the usual injury potential is obtained. When this is compen¬ 
sated for, potential changes actually due to illumination of the eye 
may be recorded. The record is an clcctroretinogram. It is found that 
both light and darkness give characteristic electrical responses. Another 
interesting observation is that all frequencies from red to violet gi' e 
the same general type of response. The place of origin of these photo 
electric changes is the retina itself. Their full significance is not known. 
They are in some way related to, or associated with, excitation ^ c 
receptors. The clcctroretinogram can be made from the eye in si u, 
with one electrode on the cornea and the other on the exposed °P 
nerve; and with suitable placement of the electrodes it can be rn, j. 
from the eye of the intact subject. Granit has made electroretinograp 
studies of mammals and birds. , ft jl 

Retinal Pigments. Occurring in the outer segments of the ro s o 
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vertebrates is an unstable reddish pigment known as rhodopsin or 
visual purple. This substance decomposes and bleaches in the light but 
regenerates in the dark. Present in the cones is a similar pigment 
known as iodopsin or visual violet. Both of these pigments are carote¬ 
noid-proteins, the prosthetic group giving them their color and sensitiv¬ 
ity to light. The carotenoids are identical in the two pigments, but the 
proteins arc different. Rhodopsin is the chemical basis for vision in 
dim light, iodopsin for vision in bright light and (in part) for color 
vision. The action of light on these photosensitive pigments causes 
chemical changes which result in excitation of the retinal receptors. The 
link between the chemical changes and excitation may be an electrical 
potential, for it has been shown in vitro that when light acts upon a 
solution of rhodopsin an electrical variation results (Wald). This may 
trigger further changes resulting in the well-known electrical potentials 
of the retina. 

For the relation of the retinal pigments to vitamin A, see p. 071. 

Duplicity Theory. An eye that has been exposed to bright light 
for some time is said to be light-adapted. Vision by the light-adapted 
eye is designated as photopic vision. An eye that has been protected 
from light for a considerable time is said to be dark-adapted. Vision 
by the dark-adapted eye is designated as scotopic. According to the 
duplicity theory, vision by the dark-adapted eye is carried out through 
the mediation of the rods, whereas vision by the light-adapted eye is 
carried out through the mediation of the cones. This would mean that 
night vision or vision under low intensities of illumination, in which 
color phenomena are absent, is a function of the rods; whereas day 
vision or vision under high intensities of illumination, including color 
vision, is a function of the cones. In support of the duplicity theory 
the following facts may be enumerated: (1) The region of keenest 
photopic vision is the fovea centralis (man and anthropoids), which 
zone is practically rod-free. (2) The region of best scotopic vision 
(man) is not the fovea, or central part of the retina, but the pheri- 
pheral part. This explains why it is possible to see a star brighter, not 
by looking directly at it, but by turning the gaze slightly away. (3) 
Total color-blindness is apparently due to functional failure of the 
cones; night-blindness, to functional failure of the rods. (4) Certain 
nocturnal animals (cats) and birds (owls) have retinas in which rods 
predominate; diurnal birds (pigeons) show a preponderance of cones. 

Color Vision. When light of a certain wavelength acts on the 
retina, certain receptors are stimulated, nerve impulses pass to the 
cerebral cortex, and the sensation of a certain color is perceived. White 
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light is a mixture of waves of various lengths. Some objects reflect 
all light and are white; others reflect no light and are black. Still other 
objects, absorbing certain wavelengths and scattering others, are col¬ 
ored, the color depending on the wavelengths scattered. 

I^ach color possesses the following qualities: hue, such as red, yel¬ 
low, green; degree of saturation or purity, which depends on the amount 
of white mixed with the color; and luminosity, or brightness. Colors 
agreeing in these respects are said to be identical. 

The colors of the spectrum—red, orange, yellow, green, blue, violet 
are termed simple colors. If an arrangement is made whereby two 
or more colored spectral rays can be thrown simultaneously on the 
same retinal spot, sensations of mixed colors result. Two kinds of 
mixed colors are distinguished: those that are not represented in the 
spectrum, for example, purple; and those that are. 

A sensation of white may be produced by the simultaneous action 
of certain pairs of colors on the same retinal spot. Such pairs arc said to 
he complementary colors. The following pairs of spectral colors are 
complementary: red and greenish blue, orange and cyanic blue, yellow 
and indigo blue, greenish yellow and violet. 

It has been shown experimentally that the color sensation resulting 
from all possible lights or light mixtures can be matched by the color 
sensation resulting from the mixture of suitable amounts of a few 
colors, three being the minimum number. The best three colors are 
red, green, and blue. Normal color vision is therefore said to be 
trichromatic. 

In the chicken and some other birds the cones are provided with 
color filters, one in each cone. These arc oil globules containing carote¬ 
noid pigments. These filters, working with the single photopigment 
iodopsin, could provide tlie basis for color vision in these forms. The 
mammalian retina does not contain color filters. The basis of color 
vision in mammals is thought to be different light-sensitive pigments 
found among the cones (Wald). 

A detailed consideration of color vision is outside the scope of this 
book. Discussions and references mav he found elsewhere (Parsons, 


Helmholtz, Roaf). 

Color Vision in Animals. It is evidently difficult to determine to 
what extent color perception is present in animals. Experiments ha'C 
not always yielded clear-cut results. The general belief is that co or 
perception is poorly developed or absent in most mammals. Expen 
ments indicate that the sheep is color-blind (Tribe). However, coo 
perception is possessed by birds, at least by some species. 
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DIVERGENCE OF THE OPTIC AXES 

The optic axis is a line passing through the centers of the refracting 
suriaces of the eye. The size of the angle formed by the optic axes and 
the median line has been measured in many species. The angle varies 
greatly, there being a close relation between certain life habits of the 
species and the amount of the divergence of the optic axes from the 
midline. In man and the anthropoids, which possess well-developed 
binocular vision, the axes are practically parallel to the median line. 
In animals that use their eyes to search for prey (felines) the angle is 
small. In animals that depend largely on vision for protection (rodents, 
ungulates) the angle is large. Following are some of Johnson’s figures 
indicating the size of the angle formed by the optic axes and the median 
line: cat, 7 to 9; dog, 15 to 20; pig, 33; wild sheep, 50; ox, 52; giraffe, 
72; common hare, 85 degrees. 

PERISCOPIC, BINOCULAR, AND STEREOSCOPIC VISION 

Closely related to the divergence of the optic axes of animals are 
the facts of periscopic, binocular, and stereoscopic vision. Periscopic 
vision is seen in animals with eyes laterally placed and often possessing 
movements independent of each other. Evidently such vision is monoc¬ 
ular, it being impossible for both eyes to view the same object at the 
same time. Many birds, as parrots, pigeons, chickens, ducks, and swans, 
and some mammals, as rabbits and hares, have periscopic vision. 

Binocular vision is vision in which both eyes view the same object 
simultaneously. For binocular vision to be possible, it is necessary that 
the eyes should be so placed in the head that the fields of vision over¬ 
lap to some extent, or that the animal should possess the power of 
converging the eyes, or both. Rodents, having laterally placed eyes, 
possess little or no power of binocular vision. Ungulates, with eyes 
somewhat more anteriorly situated, are a little better off. Rodents have 
no power of convergence and ungulates only slight power. Birds of 
prey, carnivorous mammals, especially felines, and primates have the 
best-developed binocular vision. In flesh-feeders it is associated with 
accuracy of movement in seizing prey; in primates it is associated with 
skilled movements of the anterior extremities. 

Stereoscopic vision is that form of vision in which the three dimen¬ 
sions of space are clearly perceived. It is best developed in primates 
although felines, which have optic axes that diverge only slightly' 
probably possess fairly good stereoscopic vision. For an animal to have 
stereoscopic vision in the sense that it is possessed by man, it is essen¬ 
tial that it have good binocular vision, but more than this is required. 
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It is necessary that the optic nerve fibers decussate incompletely at 
the chiasma and that the eyes be so constructed that the image will 
fall on corresponding points in the two retinas. Decussation of the 
fibers of the optic nerve is complete in the lower mammals but not in 
the higher. There arc a few direct (nondecussating) fibers in the rabbit 
and horse. In the cat and dog there are more, and in primates, especially 
man, there arc many. The areas in the two eyes that constitute cor¬ 
responding points are the foveae, as seen in primates, and apparently 
similar sensitive areas as seen in some other mammals. Corresponding 
points are probably in functional connection with the same nerve cells 
in the visual cortex. It is probable that animals below the primates 
possess a kind of stereoscopic vision different from that possessed by 
primates or dependent on differences in the cortical responses. 

The book by Walls contains a great deal of information on the 
comparative physiology of the eye. 



Chapter XXXVU 


HEARING, SMELL, AND TASTE 


HEARING 

T HE ear is made up of three divisions: the external ear, consisting 
of the pinna or auricle and the external acoustic meatus; the middle 
ear, consisting of the tympanic cavity, with its contents, and the Eusta¬ 
chian tube, with its diverticulum, the guttural pouch (in the Equidae) ; 
and the internal ear or labyrinth, consisting of an acoustic part, the 
cochlea, and a nonacoustic part, the vestibular organ. The functional 
significance of the vestibular organ is considered elsewhere (p. 775). 
The cochlea, supplied by the cochlear branch of the acoustic nerve, 
contains the receptors for the sense of hearing. The essential function 
of the external ear is to receive sound waves; of the middle ear, to 
modify them and to facilitate their passage to the perilymph of the 
internal ear and thus to the sound receptors in the cochlea. The prin¬ 
cipal structures of the ear are shown schematically in Fig. 203. 

Auricle. The function of this structure is to collect sound waves, 
which are then transmitted to the tympanic membrane by way of the 
external acoustic meatus. The mobility of the auricle, as seen in most 
mammals, enhances its value as a collector of sound waves by enabling 
it to be turned in the direction of the sound. 

Tympanic Membrane. Completely separating the external acoustic 
meatus from the tympanic cavity, or cavity of the middle ear, is a 
thin septum known as the tympanic membrane. It is composed of three 
layers: the external layer is continuous with the skin lining the ex¬ 
ternal acoustic meatus; the middle layer is composed of radially and 
circularly arranged connective tissue fibers; the internal layer is con¬ 
tinuous with the mucous membrane of the tympanic cavity. Attached 
to the internal surface of the membrane is the manubrium, or handle, 
of the malleus, the first of the auditory ossicles. Vibrations of the 
tympanic membrane are in this way transmitted to the chain of bones 
and so to the perilymph. An important feature of the tympanic mem¬ 
brane is that it is aperiodic, that is, has no inherent period of vibration 
and therefore can transmit any frequency without modifying it. 

831 
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Auditory Ossicles. 'These are three small bones, the malleus, incus, 
and stapes, found in the tympanic cavity. They comprise a chain ex¬ 
tending from the tympanic membrane to the fenestra ovalis. Through 
them the vibrations of the tympanic membrane are transmitted to the 
perilymph of the labyrinth. The malleus, the first bone in the chain, 
is, as noted above, attached to the tympanic membrane by means of 
the manubrium. The head of the malleus articulates with the head of 
the incus. Several ligaments help to hold the malleus in place. The 
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Fio. 203.—The cochlea: (a) cross section; (b) represented as if uncoiled to 
illustrate the different regions of the basilnr membrane sensitive to sounds o 
different frequencies. (Redrawn and slightly modified from White, Classical a 
Modern Physics, D. Van Nostrand Company, Inc.) 

incus presents a head, which articulates with the head of the malleus, 
and two processes. A ligament attaches the shorter process to the wa 
of the tympanic cavity. The long process articulates with the head o 
the stapes. The foot-plate of the stapes is inserted into the oval win 
dow, to whose margin it is attached by a membrane. In transmitting 
the vibrations of the tympanic membrane to the perilymph, the au i 
tory ossicles act as a bent lever. Since the manubrium of the ma eus 
is longer than the long process of the incus, it is evident that 
vibrations of the tympanic membrane are transmitted to the per 
lymph with increased force but with decreased amplitude. 

Eustachian Tube and Guttural Pouch. Connecting the tympan 
cavity with the pharynx is the Eustachian tube, whose presence ^ 
sures that the air pressure in the tympanic cavity shall be t e sa 
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as that on the outside of the body. Ordinarily closed, at least in man, 
the pharyngeal aperture of the tube is opened during swallowing. 
Therefore, should an inequality of atmospheric pressure on the two 
sides of the tympanic membrane result, it can quickly be corrected by 
deglutition. 

The guttural pouch, found among domestic animals only in Equi- 
dae, is a remarkable diverticulum of the Eustachian tube. Sisson states 
that the average capacity of each pouch in the horse is about 300 ml. 
The function of the guttural pouch is not known. A number of hypothe¬ 
ses have been proposed (see Fish), but all lack experimental support 
and most of them are otherwise deficient. Experiments by Fish show 
that in the horse air enters the guttural pouch through the relaxed 
aperture of the Eustachian tube during expiration and leaves mainly 
during the expiratory pause; during inspiration the aperture of the 
Eustachian tube is closed. The significance of this movement of air 
into and out of the pouch during respiration is not clear. 

The Stimulus. The ear, like the eye, is a distance receptor. Before 
the mechanism of hearing is considered, it will be profitable to review 
briefly the physical nature of sound waves, which constitute the ade¬ 
quate stimulus of the cochlear receptors. Sound waves are vibratory’ 
disturbances in physical media. The sound waves that affect higher 
animals are transmitted in air, although water and many solids are 
also capable of transmitting such waves. When a body surrounded by 
air is thrown into vibration, the adjacent air molecules are made to 
vibrate, or move to and fro, thus producing alternating phases of com¬ 
pression and rarefaction. Then the air adjacent to this agitated region 
is also affected, and so on, the disturbance traveling outward from the 
vibrating body, in three dimensions, in the form of a wave. The speed 
of sound waves in air varies somewhat depending on the temperature, 
the average at ordinary temperatures being about 1100 feet per second. 

Physically sounds differ as to frequency, intensity, and wave form. 
Frequency refers to the number of vibrations per second and is per¬ 
ceived as pitch. The intensity of a sound wave depends on both the fre¬ 
quency and amplitude of the vibration. Intensity determines the loud¬ 
ness of the sound. Wave form refers to the presence or absence of 
overtones, which determine subjectively the quality, or timbre, of a 
sound. Thus although a violin string and a piano string may be vibrat¬ 
ing at the same amplitude and frequency, it is possible to distinguish 
between the sounds emitted. The difference between the sounds lies in 
their quality or timbre, which is determined by the overtones. 

Cochlea. The acoustic labyrinth or cochlea contains the receptors 
for the sense of hearing. It consists essentially of a spiral bony tube. 
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wound several times around a bony supporting pillar (modiolus), and 
a much smaller tube, known as the cochlear duct, contained within 
the bony tube. Inside the cochlear duct is found the organ of Corti with 
its sensory hair cells and the terminations of the cochlear nerve (Fig. 
204). The cells of origin of the cochlear nerve fibers are bipolar nerve 
cells situated in the spiral ganglion. The latter is located in the modi¬ 
olus. 1 he peripheral branches of these nerve cells end in relation to 
the hair cells of the organ of Corti. The central branches end in the 
ventral and dorsal cochlear nuclei of the pons. 
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Fio. 201.—Diagrammatic cross section of the organ of Corti. (From 
Herrick, Neurology; copyright— W. B. Saunders Company.) 


The cochlear duct, somewhat triangular in cross section, begins in 
the vestibule and extends the length of the bony canal, to whose walls 
its base and apex arc attached. Forming one side of the cochlear duct 
and separating its cavity from that of the scala vestibtili is the delicate 
vestibular membrane. Forming the other side of the duct and sepa¬ 
rating its cavity from that of the scala tympani is the much firmer 
basilar membrane. Situated on the inner side of the basilar membrane 
and running its entire length is the highly specialized organ of Corti. 
The basilar membrane is composed of a large number of fibers whose 
length increases and whose tension apparently decreases from the base 
to the apex of the cochlea. This membrane is believed to be the struc 
ture that receives the sound waves in the perilymph and thus causes 
stimulation of the hair cells and their associated nerve endings in e 
organ of Corti. . . 

The cochlear duct, filled with endolymph, communicates wit 
saccule through the eanalis reuniens. The scala vestibuli and the sea • 
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tympani, filled with perilymph, communicate with each other at the 
apex of the cochlea, the helicotrema. At the base of the cochlea the 
scalu vestibuli communicates with the vestibule. The scala tympani 
ends at the fenestra rotunda, which is closed by a membrane, the sec¬ 
ondary tympanic membrane. By its elasticity this membrane com¬ 
pensates for pressure changes in the perilymph as a result of the impact 
delivered to the latter by the stapes at the fenestra ovalis. This, how¬ 
ever, may not represent its sole function. 

Organ of Corli. This very complex sensory epithelial structure; 
extending from the beginning to the end of the cochlear duct, rests upon 
the basilar membrane. It is composed of supporting cells of several 
kinds, sensory epithelial cells known as the auditory hair cells, the 
tectorial membrane, and the fibers of the cochlear nerve. The hair cells 
are the structures by which sound waves are converted into nerve im¬ 
pulses. The free ends of these cells possess stiff cilia, while the basal 
ends are related to the terminal fibrils of the cochlear nerve. It is esti¬ 
mated that there are more than 20,000 hair cells in the organ of Corti 
and about as many fibers in the cochlear nerve. The cilia of the hair 
cells project, near its free margin, into the tectorial membrane, a gelat¬ 
inous pad covering the outer surface of the organ of Corti. At its other 
margin this membrane is attached to the wall of the cochlea at the 
spiral lamina. 

Mechanism of Hearing. Sound waves entering the external acoustic 
meatus throw the tympanic membrane in vibration. The waves so 
generated are transmitted mechanically across the tympanic cavity 
by action of the auditory ossicles. The movements of the foot-plate of 
the stapes set up waves in the perilymph of the labyrinth, which cause 
the basilar membrane—less likely, the tectorial membrane—to vibrate. 
These fine movements cause changes of pressure on the cilia of the 
hair cells, probably by bending them, and nerve impulses are set up in 
the nerve terminations at the bases of the cells. Nerve impulses thus 
aroused are transmitted to the central nervous system. Some of the 
impulses stimulate auditory reflex centers in the brain-stem, and others 
reach the auditory area in the cerebral cortex. 

The cochlea shows potential changes, known as the microphonic 
effect, which may be concerned in stimulating the nerve terminations. 
Ihc potential changes result from pressure variations caused by the 
sound waves and are probably piezo-electric effects. They should not 
be confused with the spike potentials shown bv the nerve fibers. 

Other ideas as to how the nerve endings are stimulated are that 
mechanical vibrations are transmitted to them and that a chemical 
mediator is released by the bending of the hair cells. 
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Just how the basilar membrane behaves in response to waves in the 
perilymph is not known. A theory of hearing having much in its favor 
is the resonance theory, which holds that the basilar membrane is a 
resonator whose different parts respond by vibration to sound waves 
in the perilymph. Different frequencies cause vibrations in the mem¬ 
brane at different places, thus stimulating different nerve fibers. Low 
frequencies cause vibrations in the parts of the membrane at the apex 
of the cochlea, where its fibers are longest, apparently slackest, and 
most heavily loaded by the columns of liquid in the cochlear duct. 
High frequencies, on the contrary, cause vibrations in the basal parts 
of the membrane, where conditions opposite to those just mentioned 
prevail. If the sound is compound, that is, composed of several fre¬ 
quencies, each frequency causes vibration in that part of the membrane 
which is “in tune” with it. Because the basilar membrane is a con¬ 


tinuous structure, it is evident that vibrations of one part can never 
be entirely independent of vibrations of an adjacent part. Perception 
of intensity, or loudness, of sound depends largely upon the frequency 
of the nerve impulses generated in the cochlear nerve fibers. A loud 
sound causes a response of greater amplitude in the fibers of the basilar 
membrane and so calls forth impulses of a higher frequency in the 
nerve fibers by the action of the hair cells. An extension of the res¬ 
onance theory is the resonance-volley theory, which is discussed in 


a review of the physiology of hearing by Wever. 

Range of Hearing. The range of frequencies through which sound 
can be perceived varies in different species. In man, in whom the 
detenninations are attended with less difficulty than in animals, the 
average pitch limits are 20 and 20,000 vibrations or cycles per second 
(Fletcher). There is little doubt that some animals can perceive fre¬ 
quencies much higher than 20,000 cycles per second. By the method 
of conditioned responses, Pavlov appears to have demonstrated that 
the upper pitch limit of the dog is about 100,000 cycles. The “silent 
dog whistle emits some frequencies too high for man to hear but below 
the upper pitch limit for dogs. The frequency most audible to the rat 
appears to be 40,000 cycles (Gould and Morgan). Frequencies as hig 
as 98,000 cycles cause potential changes in the cochlea of bats. Studies 
of the range of hearing in birds have been made by Brand and Kellogg- 

Location of Sound. Ability to judge the direction from ^ ,1C 
sound is coming is dependent largely on the fact that sound is hear 
louder and sooner in the ear nearer the source. Movements of the pm 
nae must greatly assist animals in locating the source, the sound c,n S 
heard loudest and earliest when the pinna points in the direction ro 
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which it is coming. In man movements of the head in listening serve a 
similar purpose. 


SMELL 

Receptors. The mucous membrane of the nasal cavity presents 
two regions, a limited olfactory region in the upper part of the cav ity 
and a much larger respiratory region lining the rest of the cavity. 
The 6ize of the olfactory region in different species varies directly with 
the degree of development of the sense of smell. The epithelium of the 
olfactory region of all vertebrates shows the presence of at least three 
kinds of cells, basal, sustentacular or supporting, and olfactory. The 
last-named are bipolar nerve cells whose central processes become the 
libers of the olfactory nerve and whose peripheral processes extend to 
the surface of the olfactory epithelium. On this surface, covered with 
mucus, each peripheral process terminates in a number of delicate 
filaments, the olfactory hairs. 

The Stimulus. The adequate stimuli of the receptors in the olfac¬ 
tory region are minute odorous particles usually brought in with the 
inspired air. Some of this air gradually reaches the olfactory region 
and causes slight olfactory stimulation. Then follows sniffing, which 
causes rapid changes of air in contact with the olfactory mucous mem¬ 
brane and thus strong stimulation. However, not all particles stimulat¬ 
ing the olfactory organ reach it by way of the anterior nares. Foods 
during mastication give off odorous particles which reach the olfactory 
organ by way of the posterior nares. 

Although the odorous particles reaching the olfactory mucous mem¬ 
brane are in a gaseous state, there is reason to believe that they must 
become dissolved before acting as stimuli. Parker points out that the 
olfactory hairs, the ultimate receptors, are probably always submerged 
in watery mucus. Therefore in order for the odorous particles to reach 
the hairs, the particles must become dissolved in this liquid. Then fol¬ 
lows some sort of chemical reaction between the dissolved material 
and the receptor, whereupon a nerve impulse is started. 

The amount of odorous material just sufficient to cause olfactory 
stimulation varies with different substances. In all cases it is very 
small, and in the case of strongly odorous substances it is inconceivably 
small. A number of substances are known to give off odorous particles 
for a considerable time without undergoing any demonstrable loss in 
weight. Following are some figures derived from tests (in man) made 
to determine the smallest concentration of the substance in the air 
necessary for olfaction; the figures are given in micrograms of sub- 
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stance per liter of air: camphor, 5; ether, 1; citral, 0.5 to 0.1; cumarin. 
0.05 to 0.01; vanillin, 0.005 to 0.0005. 

Efforts have been made to classify odors on the basis of the sub¬ 
jective sensations aroused, but the very numerous sensations have not 
yet been brought into a satisfactory classification. There is some evi¬ 
dence that the odor of a substance is related to its chemical constitution, 
but no satisfactory classification of odors on this basis has been made. 

Olfaction in Animals. It is a well-known fact that many animals 
have a much keener sense of smell than man has. The dominant posi¬ 
tion occupied by the olfactory sense in these keen-scented animals is 
indicated by the great development of their olfactory apparatus, pe¬ 
ripheral anti central. Such animals are designated as macrosmatic. 
Most of the domestic animals belong to this group. Animals in which 
the olfactory apparatus is poorly developed are designated as micros- 
matic. Man, monkeys, and some aquatic mammals belong to this group. 
There is a third group, including a number of aquatic mammals, in 
which olfaction is apparently absent. They are said to be anosmatic. 

According to Negus the epiglottis plays an important role in olfac¬ 
tion in many animals by forming with the soft palate a partition that 
prevents the breathing of air by the mouth. During eating, and at 
other times when the mouth is open, air is thus made to flow through 
the nasal passages, and in this way keen olfaction is attained. This 
arrangement is best seen in macrosmatic animals, and among domestic 


animals it is well exemplified in the horse. 

The most important function of the olfactory sense in animals is to 
aid them in the search for food. However, this may not apply to al 
animals. In grazing sheep, smell is of limited value in food selection 
(Tribe). In a less important way olfaction is related to the sexual h e 
of the animal and to the protective reactions. Especially in man olfac 
tion is related to the reflex secretion of the digestive juices. 

The vomeronasal organ , found in some form in all mamma s, is 
believed to be closely related to the olfactory sense (Parker, Rea 


TASTE 

Receptors. The peripheral gustatory organs arc the taste buds ^ 
the oral cavity. Although found principally on the dorsal but ace 
the tongue, their distribution is not limited to this region. ^ 

also found on the epiglottis, soft palate, posterior wall of the pi a 
and elsewhere. The number is greater in young individuals ^ 
mature. The taste buds on the tongue nearly always occur m as -jj oe 
tion with the vallate, foliate, and fungiform papillae. The o er P 
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seldom show them. Taste buds occurring on a vallate papilla of a pig 
are illustrated in Fig. 205. 

Taste buds are composed of taste cells, which arc found in various 
stages of growth. The peripheral end of the taste cell presents a ter¬ 
minal filament, the taste hair, 
which may be regarded as the point 
at which the dissolved stimulating 
substance comes in contact with 
the taste cell. The gustatory nerve 
fibers end in intimate relation with 
the taste buds or their constituent 
cells, although protoplasmic con¬ 
tinuity between them does not 
exist. Nevertheless the relation is so 
close that degeneration of gustatory 
nerve fibers results in the disap¬ 
pearance of their associated taste 
buds. 

Separate gustatory nerves do not 
exist, the fibers of taste being con¬ 
tained in several of the cranial 
nerves. The glossopharyngeal nerve 
supplies taste sensation to the pos¬ 
terior third of the tongue, the facial 
to the anterior two-thirds, and the 
vagus to the epiglottis and perhaps 
other nearby structures. 

The Stimulus and the Sensations. The adequate stimulus for the 
taste receptors is an aqueous solution of a great number of materials. 
Any substance that is not water-soluble is without taste. During 
mastication solid and semisolid foods are mixed with saliva, which 
dissolves some of their soluble constituents. These solutions penetrate 
the pores of the taste buds, come in contact with the taste hairs, and 
cause some sort of chemical change whereby the gustatory nerve fibers 
are stimulated. 

Experimental analysis in man indicates that all taste sensations 
fall into a few well-defined classes. This is in contrast with the appar¬ 
ently unlimited number of olfactory sensations, which so far have de¬ 
fied satisfactory classification. All true tastes apparently belong to one 
of four classes: sour, saline, bitter, and sweet. Some workers claim 
that there are other true tastes, as metallic and alkaline, but others 



Fig. 205. — Section of a vallate papilla 
of a pig to show two taste buds. 
(Courtesy of Dr. Margaret Sloss.) 
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maintain that these tastes are mixtures of several sensations. With the 
exception of sour, saline, bitter, and sweet, the numerous sensations 
aroused during eating are undoubtedly due in the main to stimulation 
of the receptors of olfaction, touch, warmth, cold, and the common 
chemical sense. 

The sour taste is in some way related to the hydrogen ions yielded 
by the acid substance in solution, but hydrogen ion concentration 
and sourness do not always run parallel. This is especially true of 
some organic acids: solutions of acetic acid taste more sour than would 
be expected upon the basis of hydrogen ion concentration. In man the 
sour taste is acutest at the lateral margins of the tongue. 

The salty taste is well exemplified by sodium chloride, although it 
is given by many other salts. The work of a number of investigators 
indicates that the anion of the dissolved salt is the stimulus. In man 
the salty taste is best developed on the tip and edge of the tongue. 

The bitter taste is given typically by practically all alkaloids, but 
a number of substances of diverse chemical constitution (ether, the 
glucosides, magnesium sulfate, and so forth) are also bitter. In man 
the bitter taste is most distinct at the base of the tongue. 

The sweet taste is given by many organic compounds, of which the 
carbohydrates are characteristic. Moreover, a number of salts, for ex¬ 
ample, lead acetate, have a sweet taste. It is at present impossible to 
relate the sweet taste to chemical constitution. In human beings the 
sweet taste is most evident at the tip of the tongue. 
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Chapter XXXVIII 


ENDOCRINE ORGANS 


T HE endocrine organs are those structures whose specific metabolic 
products are discharged directly, and possibly indirectly by way of 
the lymph, into the blood, by which they are transported to their places 
of action. These organs are frequently referred to as endocrine glands 
and sometimes as ductless glands, and the term internal secretion has 
long been used to designate the process by which the specific products 
of the organs in question are formed. These specific products are some¬ 
times referred to as chemical messengers or regulators since they travel 
by way of the blood stream. This method of control or co-ordination 
in the body may be contrasted with the nervous method. Chemical 
regulation is the slower, apparently more primitive type; nervous regu¬ 
lation is the more efficient type and is probably a more recent phylo¬ 
genetic acquisition of the organism. 

A chemical regulator 1 produced by an endocrine organ has long 
been designated a hormone, which term literally means “to stir up.” 
The word hormone was adopted in the belief that all such chemical 
regulators excite function in other organs. As a matter of fact, it is 
now known that some chemical regulators inhibit function, and the 
term hormone is used to cover both the excitatory and the inhibi¬ 
tory principles. 

Endocrine organs may be divided into two groups: those that are 
only endocrine in function, namely, the thyroid, parathyroids, pitui¬ 
tary, adrenals, pineal, and possibly the thymus; and those that not 
only produce hormones but other substances as well, namely, the 
pancreas, testicle, ovary, gastric epithelium, and intestinal epithelium. 
In this chapter the physiology of the strictly endocrine organs will 
be studied. The hormones of the gastric and intestinal linings and the 
pancreas are dealt with in Chapters XIII and XV, respectively. The 

hormones of the sex glands are considered in Chapters XXXIX and 
XL. 

1 1 ho subject of chemical regulation is a broad and important one. Not all chemical regu- 
,atorB ftre produced by endocrino organs; for example, carbon dioxide, concerned in the regu¬ 
lation of respiration and of othor physiological activities, in a universal product of ctdlular 
metabolism. 
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Flic pituitaiy gland occupies a unique position in the endocrine 
system since its anterior lobe produces a series of hormones which act 
upon and control the activity of certain other endocrine glands. It is, 

theiefore, to a large extent, the means by which a general endocrine 
regulation is effected. 


THYROID 

1 lie thyroid, found throughout the vertebrate phylum, shows a 
uniform origin and development in all species (Marine). In mammals 
it consists of two lobes, one on each side of the trachea close to its 
junction witli the larynx. In most animals the lobes are connected 
by an isthmus crossing the ventral surface of the trachea. However, in 
some animals (dog, cat) the isthmus usually disappears in embryonic 
life; but this statement may not apply in regions in which goiter is 
widespread. 

Structure. The thyroid is made up of numerous closed follicles, usu¬ 
ally spherical. Their microscopic appearance is similar in all animals 
from fish to man (Marine). They are lined with a single layer of low 
cuboidal epithelial cells and are filled with a viscid substance which 
has long been known as colloid. The colloid contains, combined with a 
protein, the specific thyroid hormone, thyroxine. The blood supply of 
the thyroid is very rich; few organs receive a more abundant supply. 
Flic efferent nerve supply is entirely autonomic, the preganglionic fibers 
leaving the spinal cord between the second and seventh thoracic seg¬ 
ments. The peripheral relays are located in the middle and anterior 
cervical ganglia. Vasomotor nerves to the glands are abundant; but it 
is doubtful if secretory nerves exist, for transplanted thyroids function 
normally. It is believed that the rate of secretion is varied by altera¬ 
tions in the blood supply. The anterior pituitary also has an effect 
through the thyrotrophic hormone which stimulates the thyroid. 

Effects of Removal. The results of early studies on the effects of 
removal of the thyroid (thyroidectomy) were badly clouded because 
of the simultaneous removal of the parathyroids. It is now recognized 
that the two organs are separate structures physiologically and must 
be so regarded in extirpation experiments. The manifestation that a 
ways follows thyroidectomy, regardless of age or species, is a dcci e 
lowering of metabolism as indicated by measurements of the heat pro 
duction or gaseous exchange. Gross external manifestations vary w 1 
the age of the animal. In young animals of all species there is stunting 
of physical, mental, and sexual development, the animals remaining * 
an infantile condition. In mature animals, especially herbivores, c 
symptoms may be slight and confined to dryness and thickening o 
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skin, fulling of the hair, and physical and mental sluggishness; or they 
may be practically absent (Simpson--sheep; Houssay ami Hug— 
horse). 

All the changes just mentioned are believed to be dependent upon 
the suspension of the essential function of the thyroid: that of main¬ 
taining, through its hormone thyroxine, a higher rate of metabolism 
than would otherwise exist and that of providing, through variations 
in the output of thyroxine, a means of altering the metabolic rate to 
meet the changing requirements of the organism. Just how thyroxine 
produces this effect on metabolism is not known; it may act as a 
catalyzer. The metabolic rate of isolated tissues of animals previously 
fed with thyroid substance is higher than normal, and tissues from thv- 
roidectomized animals show a metabolic rate lower than normal. 

It has been found that feeding thyroid or thyroid extracts com¬ 
pensates in every way for the loss of the gland. 

Thyroid Hormone. The secretion of the thyroid contains the hor¬ 
mone thyroxine, which has been isolated, analyzed, and synthesized 
(Harington; ITarington and Barger). So far as the chemistry of the 
hormone itself is concerned our knowledge is remarkably complete. 
The structural formula of the hormone is: 
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I 


— O — 


\ 

I 
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The compound is thus seen to be related to the amino acid tyrosine, 
which is probably its precursor. The viscid protein—thyroglobulin— 
present in the vesicles of the thyroid contains thyroxine. 

In addition to thyroxine, the thyroid contains the compound diiodo- 
tyrosine. This substance, itself physiologically inactive, is believed to 
be an intermediary compound in the synthesis of thyroxine. 

Secretion of the Hormone. The thyroid cells produce a thyroxine- 
containing secretion, which is removed from the gland mainly by the 
blood but apparently to some extent also by the lymph. Whether the 
secretion is discharged directly into the circulation or is passed first 
into the follicles to be removed later is not known. Some workers 
believe that it is ordinarily discharged directly into the circulation and 
is passed into the follicles only when it is secreted in excess of body 
needs. Another view, based on recent work, is that in the normal gland 
the secretion passes first into the follicles, whereas in exophthalmic 
goiter it passes directly into the blood. 



852 


PHYSIOLOGY OF DOMESTIC ANIMALS 


Relation of Iodine to the Thyroid. The thyroid has a special 
affinity for iodine. Marine has shown that nearly a fifth of a single 
dose of 38 mg. of potassium iodide given to a dog by the mouth may 
be stored in the gland within two hours. The average amount of iodine 
m the normal thyroid of animals has been shown by Marine and 
co-workers to vary in different species from 2.2 to 3.5 mg. per gram of 
dried gland. These workers have demonstrated further, in many species, 
that there exists an intimate relation between the amount of iodine in 
the thyroid and its histological appearance. The iodine content was 
found to vary directly with the amount of stainable colloid and in¬ 
versely with the degree of hyperplasia of the gland. In general, when 
the iodine content exceeded 0.1 per cent of the dried weight of the 
thyroid, no hyperplasia was found. Recent studies, in which iodine 
labeled by being rendered radioactive was injected into the blood 
stream, show that it appears in the thyroid three minutes after it is 
injected and that a large proportion is absorbed within ten minutes 
(Hertz and co-workers). Not all this iodine is present as thyroxine; 
(here is reason to believe that the gland serves as a storehouse for 
iodine and as a protection against its circulation in excessive amounts. 

Fenger as well as Seidell and Fenger made studies of the iodine 
content of the thyroids of cattle, hogs, and sheep, special attention 
being pair! to seasonal variations. It was found that there are two to 
three times as much iodine present in the organs in the months between 
June and November as in the months between December and May. 
External temperature appears to be the most important factor deter¬ 
mining the fluctuations. Enlargement of the organs in the winter is one 
factor in causing a (relative) decrease in the iodine content while in¬ 
creased secretion to maintain body temperature is another. 

Disturbances of Thyroid Function. Since much of what is known 
about thyroid function has been derived from studies of clinical cases, 
a few words on the pathological physiology of the thyroid are in order. 
The diseases associated with disturbances of thyroid function may be 
classified as follows, though the question of the classification of thyroi 
diseases is most controversial. 

Hypothyroidism, Myxedema Hyperthyroidism 

(a) Simple goiter (ft) Exophthnlmic goiter 

(h) Colloid goiter (b) Mftlignnnt tumors of the thyroi 

(c) Cretinism 

Hypothyroidism (Fig. 206) usually arises as the result of a d ^ 
ficieney of iodine in the food and water. It appears in widesprea flr< ^ 
of the globe, in the Swiss Alps, portions of the Balkan Peninsu a, a ^ 
in restricted areas of Scandinavia, Spain, and England. In 8,a 
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prevalent in the region of the Himalayas; in South and Central America 
it is prevalent in the Andes and Cordillera regions. In the United States 
it is prevalent in the Great Lakes region and in the upper Mississippi 
Valley, but it is also found in the Pacific Northwest and in restricted 



Fig. 20G. —Hypothyroidism: a well-developed simple goiter. 

(Courtesy of Dr. J. W. Kalkus.) 


areas in Virginia, West Virginia, Pennsylvania, and Missouri (Fig. 
207). In Canada it is found in British Columbia and in Quebec. All 
these areas have one thing in common, a deficiency of iodine in the soil 
Some believe, as these arc nearly all limestone regions, that an excess 
of lime is a contributory factor. The condition can be almost entirely 
prevented by the addition of iodine to the food or drinking water. 
Simple goiter, with or without enlargement of the gland, and colloid 
goiter, with enlargement, may appear at any age. They are charac¬ 
terized by a lowered metabolism, mental sluggishness, lack of muscle 
tone, a type of obesity in which the subcutaneous tissues are edematous, 
the shedding of hair, and impaired fertility in both sexes. Growth is 
also greatly retarded. The syndrome is similar to that found after total 
or subtotal extirpation of the gland. In colloid goiter the gland attempts 
to compensate by overgrowth, while in simple goiter the active tissue 
is replaced by inactive tissue. If the female is bred, abortions arc fre¬ 
quent and the young which are born are often cretinous. 
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Cretinism appears when the mother has insufficient iodine in her 
food. Clinically it is similar to infantile myxedema, but the thyroid 
fails to develop. It cannot be relieved by the addition of iodine, as the 
gland cannot synthesize thyroxine. Continuous administration of the 
hormone is necessary to remedy the condition, but its appearance can 
be prevented by feeding iodine to the pregnant mother. 



Fio. 207.—Iodine deficiency in livestock and in man in the United States. The 
dark areas are approximately the regions in which goiter in livestock is fount. 
The striped area north of the thick line is the additional area in which goiter 
has been reported in man. (Human data redrawn from McClendon, Iodine an 
the Incidence of Goiter, University of Minnesota Press, 1939.) 

A condition of hypothyroidism may also be caused by feeding large 
amounts of certain plants, of which cabbage and yellow turnips are 
two. These plants contain antithyroid substances which apparent y 
block the synthesis of thyroxine by the thyroid. 

Hyperthyroidism is due to an overfunctioning of the gland, ro 
ably this is caused in most cases by an oversecretion of the thyrotrop u 
hormone of the anterior pituitary. The metabolic rate is high, tie su^ 
ject is mentally unstable and restless and becomes prematurely scnl ^ e 
The eyes often protrude from their sockets. The condition may ^ 
relieved by the operative removal of some of the thyroid tissue 
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by the action of ingested radioactive iodine. Exophthalmic goiter is 
not known to occur clinically in animals. 

Thyroprotein. Reincke and Turner have recently produced iodinized 
proteins by a simple chemical process. These contain thyroxine and 
their administration in the feed to lactating animals has increased the 
milk yield by as much as 20 per cent. This effect is due to a general 
stimulation of metabolism. The heart and respiratory rates, as well 
as the milk yield, rise when these substances are fed. The increased 
metabolic rate seems to harm the animal since the milk yield in the 
lactation following that in which thyroprotein was given tends to be 
reduced. The hopes for increased yields when this substance is fed 
have not been borne out in practice when it is fed over a long period. 

These workers have also experimented with the drugs thiourea and 
thiouracil, which depress the activity of the thyroid gland. The claim 
is made that this condition, which lowers the metabolic rate, causes the 
animals to fatten more readily. It is premature yet to decide whether 
the method has a place in agriculture, but pigs fed thiouracil after they 
have reached 150 lb. in weight gain more rapidly than their litter-mate 
controls. The conformation of younger pigs fed thiouracil differs mark¬ 
edly from that of normal pigs of the same age; the hams, especially, are 
more developed. 

Interrelations. The subject of functional interrelations among the 
endocrine organs is very complicated and in many cases controversial. 
However, considerable progress lias been made in this field in recent 

years, especially with respect to the interrelations of the hormones of 
the anterior pituitary. 

Thyroid-thymus. See p. 871. 

Thyroid-adrenals. Injection of thyroid extract increases the re¬ 
sponse of the animal to adrenaline injection. The assumption is that the 
thyroid hormone raises the irritability of the structures acted upon by 
adrenaline. Both thyroxine and adrenaline are related to tyrosine; both 
hormones can increase the heat production of the organism. These facts 
suggest interrelations. 

Thyroid-pituitary. The anterior lobe of the pituitary produces a 
thyrotrophic hormone which provides a normal stimulus to thyroid 
activity. The hormone acts directly on the thyroid cells and not on the 
thyroid nerves, for transplanted thyroids and surviving thyroid cells 
in vitro are stimulated as well as the thyroid in its normal location. 
Likewise the thyroid secretion influences the production of the thyro¬ 
trophic hormone. An increase in thyroid activity reduces the produc¬ 
tion of the thyrotrophic hormone, whereas a decrease causes more 
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to be produced. Thus a balance between the production of the two 
hormones is maintained. 

Thyroid-sex glands. That the thyroid gland enlarges during pu- 
berty, pregnancy, and the menopause has long been known; and re¬ 
moval of the sex glands causes some effect on the thyroid, usually a 
slow involution. These and other facts indicate an interrelation, but its 
nature is as yet uncertain. It is probable that the interrelations of the 
thyroid and the gonads involve the anterior pituitary. But in several 
species it is now known that the level of thyroid activity, if it is varied 
within reasonable limits, does not affect the efficiency of the reproduc¬ 
tive processes. 

Thyroid-mammary glands. The level of milk secretion is related 
to the degree of thyroid activity. Several workers have shown that the 
milk yield may be increased to some extent by the administration of 
thyroxine, while thyroidectomy decreases the yield, and there is some 
evidence that the thyroids of dairy cattle are more active than those 
of beef cattle (Reece and Turner). 

Since the thyroid deficiency causes a lowering of basal metabolism, 
and hence a reduction in the efficiency of every cell of the body, 
many of the other hormones cannot exert their full effects unless the 
thyroid level of activity is adequate. The level of thyroxine secretion 
tends to be a limiting factor in many of the body processes. 

PARATHYROIDS 

The parathyroids, present in amphibians, reptiles, birds, and mam¬ 
mals, are believed to have essentially the same function in all animals. 
Usually there are two pairs of parathyroids. Marked variations in the 
position of the glands are seen in the different species, and, indeed, the 
position varies somewhat in animals of the same species. The upper 
pair is more closely related anatomically to the thyroid than is the lower 
pair. Accessory parathyroids may be present in the thorax imbedded m 
the thymus, and along the course of the carotid artery in the cervica 
and upper mediastinal regions. The parathyroids are very small, t c 
four of them weighing, in some species, less than half a gram. 
gland is composed of epithelial cells, which may be clumped compac > 
together, arranged in strands, or grouped in lobules. The lobules or 0 
licles, when present, may contain colloid, although this bears no re a ion 
to thyroid colloid. The iodine content of the parathyroids is no grea e 
than that of tissues generally. The blood supply of the parathyroi s 
rich. Their scant nerve supply is believed to be mainly, if not en ** 
vasomotor. That the parathyroids may function in the absence o 
nervous connection is indicated by transplantation experimen 
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Effects of Removal. The parathyroids have been removed experi¬ 
mentally from animals of many species, and while the symptoms fol¬ 
lowing extirpation vary considerably, it is believed that the underlying 
metabolic change is the same in all animals, the differences being due 
to minor causes. Seen most strikingly in the dog, the characteristic 
manifestation of parathyroidectomy is the development of the symp¬ 
tom complex known as parathyroid tetany (Fig. 208). This appears 
during a period varying usually from 12 hours to 3 or 4 days after the 
operation. It is characterized by hyperexcitability of the peripheral 



Fio. 20S.— Parathyroid tetany in a thyroparathyroideetornized dog. 

(From Collip, Journal of Biological Chemistry, 1925, 63.) 

nerves and by muscular tremors, spasms, and convulsions, partly of 
central origin. Cats, tending to become depressed from the start, do 
not show as well-defined tetany as dogs. Monkeys show milder symp¬ 
toms than dogs and usually develop chronic tetany. Lambs may show 
acute tetany, although loss of the thyroid and parathyroids is tolerated 
better and for a longer time in herbivores (rabbits may be an excep¬ 
tion) than in carnivores (Simpson). According to Larson and Elkourie, 
goats fail to show tetany following the usual operation for the removal 
of the thyroid and the parathyroids, but definite muscular tremors are 
seen in some cases. To what extent this failure of goats to develop 
tetany was due to the presence of accessory parathyroid tissue is not 
definitely known, although no such tissue could be found at autopsy. 
Other experiments on parathyroid removal in goats have shown more 
definite neuromuscular symptoms. 
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As regards the necessity of the parathyroids for life, it is probable 
that a sudden destruction or removal of all parathyroid tissue will 
bring about changes leading to a fatal termination in most species 
(Dragstedt). However, owing to the difficulty of removing all para¬ 
thyroid tissue, with the possibility that some of it may remain, extirpa¬ 
tion experiments have given different results in different species and in 
animals of the same species. In dogs removal of the four glands is fatal 
in nearly 100 per cent of the cases; in cats only in 50 to 80 per cent 
of the cases. In rabbits tetany develops earlier and is more rapidly 
fatal than in dogs or cats. In rats parathyroidectomy is rarely fatal. 
Age is an important factor, young animals manifesting a much more 
violent and rapidly fatal form of tetany than mature animals. 

('hanges in the Blood Following Parathyroidectomy. The most char¬ 
acteristic blood change in parathyroid tetany is a lowered calcium con¬ 
tent. The concentration of calcium is lowered from the normal of 10 
to 12 mg. per 100 ml. of serum to 8 to 5 mg. per 100 ml. An accompany¬ 
ing increase in the inorganic phosphorus is often noted. Other blood 
changes have been reported, but in most cases the findings have not 
been confirmed. Phosphorus excretion is reduced. 

The work of Dragstedt and his collaborators and of others indi¬ 
cates that parathyroidectomized dogs may be kept alive indefinitely 
by means other than specific parathyroid therapy, for example, by cal¬ 
cium feeding. After several weeks the treatment may be stopped with¬ 
out the return of tetany. These findings have not escaped criticism. 
Marine believes that calcium therapy simply tides the animals over 
until accessory parathyroid tissue develops and adjustment to, or com¬ 
pensation for, low blood calcium takes place. According to this view, 
such animals would be regarded as being in a state of latent tetany. 

Parathyroid Hormone and Its Action. The work of Col lip and 
his collaborators has yielded a preparation containing the active 
principle or hormone of the parathyroids. The extract is made by aci 
hydrolysis of the parathyroids of the ox. The composition of the 
hormone has not been determined, but it is protein in nature, possi y 
a polypeptide. The action of the hormone is to cause an increase in t e 
calcium content of the blood. It raises the serum calcium lcve 0 
parathyroidectomized dogs to normal and that of well dogs to a pom 
above normal. It may be given orally, subcutaneously, or intravenous y 
A close parallelism is noted between the clinical condition of para y 
roidectomized dogs and the blood calcium level. As the latter r,sc jL c 
normal, the condition of the dogs improves and becomes norma • 
term parathormone is usually used for the parathyroid hormone. ^ 

The effect of parathyroid extracts on normal calves has been s u 
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by Robinson, Huffman, and Burt, who found that although the calves 
responded similarly to dogs, they were apparently less sensitive to the 
extract than were dogs. The serum calcium could be raised to as much 
as 18 mg. per 100 ml. in 30 hours. The visible manifestations of over- 
dosage were drowsiness and bloating. Continued injection resulted in 
death. The extra calcium present in the blood as a result of injection 
of the hormone comes from the calcium stores in the bones. 

The prevailing view of the action of parathormone, not entirely 
without question, is that it primarily regulates the excretion of phos¬ 
phorus by the kidneys. As phosphorus and calcium metabolism are 
closely related, a disturbance in the metabolism of the former directly 
affects the level of the latter in the blood. Since calcium excess or de¬ 
ficiency produces more obvious clinical symptoms than a disturbance 
in the phosphorus level, calcium changes attract more attention. When 
the calcium level is lowered by withdrawal of the hormone, tetany and 
finally death result. When it is raised by excessive amounts of the 
hormone, marked depression, coma, and even death may result. In 
addition to affecting the blood calcium concentration, parathormone 
probably also acts indirectly in the transport of calcium from the 
alimentary canal to its place of deposit in the bony tissues. A moderate 
excess removes calcium from the bones, but if the injections are con¬ 
tinued over a long period the calcium is replaced in the wrong position, 
in the metaphyscs of the long bones. Some calcium salts may also be 
deposited in the soft tissues. 

The relationship between vitamin D and the parathyroids is still 
obscure. There are indications that these glands are involved in rickets, 
and the vitamin protects to some extent against the effects of parathor¬ 
mone insufficiency, probably by improving calcium metabolism. 

PITUITARY 

This organ, known also as the hypophysis cerebri, occurs through¬ 
out the vertebrate series. In the higher animals it occupies the hypo¬ 
physeal fossa of the sphenoid bone. While structural differences occur 
in the different species, it is possible in all higher animals to recognize 
two lobes, anterior and posterior. The posterior lobe is divisible into a 
nervous part (pars nervosa) and an intermediate part (pars inter¬ 
media). The pars nervosa is attached to the floor of the third ventricle 
by means of a stalk or infundibulum. In the cat there is a cavity in 
the pars nervosa, which communicates, through the infundibulum, with 
the third ventricle. In most animals, however, the cavity becomes small 
or disappears after fetal life. A pars tubcralis is described as extending 
forward from the junction of the anterior lobe and the intermediate 
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part to surround the stalk and spread out over the base of the brain. 
This portion is of insignificant size in some species. 

The anterior lobe is composed of columns of epithelial cells sepa¬ 
rated by vascular sinuses and some connective tissue. At least three 
kinds of cells are recognized: chromophobes, acidophiles (concerned 
with growth), and basophiles (concerned with reproduction). The 
chromophobes are usually the most numerous. From them the other 
cells appear to be differentiated. The basophiles are the least numerous. 
The pars intermedia is a narrow band of epithelial cells (chromophobes 
and basophiles) situated between the anterior lobe and the pars 
nervosa. It forms a sort of cap for the latter. The pars nervosa is 
composed of modified nervous tissue and contains no epithelial cells 
except some invading basophiles, very variable in number, derived from 
the pars intermedia. The pars tuberalis is an epithelial structure. The 
anterior lobe and the tuberal part have a rich blood supply; the nervous 
part has a much less abundant blood supply; and the intermediate part 
is almost entirely without blood supply in all mammals (Bailey), but 
as it is often only one cell thick this is not important. 

The function of the pituitary is usually studied from the stand¬ 
point (1) of the anterior lobe and (2) of the posterior lobe including 
the pars intermedia. These parts have different origins, structures, 
and functions. 

Anterior Lobe. The hormones of the anterior lobe are proteins, 
and the application of physical methods of separation and identifica¬ 
tion has greatly helped in the development of our knowledge concerning 
them. Six hormones have been recognized. These are the adrenocortico- 
trophic hormone, prolactin, and the growth, thyrotrophic, luteinizing, 
and follicle-stimulating hormones, arranged here in their approximate 
order of increasing solubility in water. 

The adrenocorticotrophic hormone is essential for the complete 
functioning of the adrenal cortex. Removal of the pituitary glanc 
causes this organ to degenerate and become a mere shell. The auren 
cortex may be maintained in the hypophysectomized animal by tie 


injection of the adrenocorticotrophic hormone. 

The growth hormone, when it is injected into young rats or < op-j 
causes them to grow unusually large. This growth is not confinct *° 1C 
skeletal system only, as injected rats become very fat. Hyp°P ^ 
sectomy of the young animal produces a dwarf which resumes i 
growth if the hormone is injected, though the other anterior^ P* ® j 

hormones must also be given if full growth is to be realize . , Tthe 
evidence, and also that from a race of dwarf mice, indicates ia _ 
acidophile cells of the anterior pituitary produce the growth orin 
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as they are present in smaller numbers than usual in cases of dwarfism. 

The thyrotrophic hormone is essential fur the efficient functioning 
of the thyroid gland. It is, therefore, an important regulator of metabo¬ 
lism, and probably the other hormones cannot exert their full effects 
if it is deficient. This may explain the relatively poor activity of pure 
growth hormone in the hypophyscctomized animal. 

fhe three hormones concerned with the reproductive processes are 
the follicle-stimulating hormone, which causes the growth of graafian 
follicles; the luteinizing hormone, which causes ovulation and the 
growth of the corpus luteum; and prolactin, which is necessary to the 
latter in the maintenance of its secretion. Prolactin is also important 
for the maintenance of lactation. In the male the follicle-stimulating 
hormone is necessary for spermatogenesis, and the luteinizer for the 
secretion of the testicular hormone. These three hormones are treated 
in more detail in the chapters on reproduction. They are produced by 
the basophilic cells. 

Besides these hormones, which have been isolated in a pure state, 
there may be others. Some crude extracts of the anterior pituitary have 
a diabetogenic effect, others are ketogenic, and others have been made 
with growth-promoting effects upon the mammary gland. No substances 
have been prepared in a pure state which exactly duplicate these activi¬ 
ties of the crude extracts, and many workers believe that these effects 
are due to certain actions of known hormones upon metabolism and to 

synergistic effects due to the presence of two or more hormones in the 
extracts. 

In view of the number of hormones produced by the anterior 
pituitary, it is not surprising that removal of the gland, or its disordered 
function, has profound effects upon the organism. Cessation of growth, 
which is easily observed, is due to the absence of the growth hormone; 
lowered metabolism is due to the absence of the thyrotrophic hormone; 
certain qualitative disturbances of metabolism result from the absence 
of the adrenocorticotrophic hormone. Complete cessation of sexual func¬ 
tions and the atrophy of the reproductive tract are the results of non¬ 
secretion of the three hormones which maintain the reproductive 
system. These extirpation results may be deduced from the effects 
produced when the organs controlled by the anterior pituitary are, 
themselves, removed. 

Excessive secretion of the growth hormone produces gigantism, and 
the results differ according to the time of overproduction. If this hap¬ 
pens before the epiphyses of the long bones have closed, a normally 
proportioned giant results; if it occurs later, only the extremities, the 
hands, feet, nose, and lower jaw, may be affected. Later still, the tend- 
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ency is to cause arching of the spine and the production of a hump¬ 
backed condition. 

Analysis of clinical symptoms of pituitary malfunctions is com¬ 
plicated since certain hormones may be secreted in excess and others 
in smaller amounts than usual, and, as was indicated above, the time 
relations are important. Hence diagnosis of the many bizarre conditions 
found is difficult and has become a highly specialized branch of en¬ 
docrinology. Stockard has shown that the unusual forms found in cer¬ 
tain breeds of dogs are the results of hereditary factors which express 

themselves through altered pituitary secretion. 

As the hormones are proteins, they cannot produce their effects 
when they are fed since they are destroyed by the proteolytic enzymes 
of the digestive tract. It is also unlikely that they will be synthesized 
for many years. Active groups or chemical combinations within the 
molecules have not been found, and it is probable that the molecule 
as a whole, or a large part of it including peptide linkages, is necessary 
for physiological activity. It is difficult to reconcile oneself to the idea 
that an organ with but few cell types can secrete at least six hormones 
with such far-reaching effects, and the question has been raised whether 
the methods used for isolation, mild as they are, break down one, or 
perhaps more, giant molecules which are combinations of hormones. 
This is, at present, a field for speculation. Enough has been said to 
indicate that the anterior pituitary is a gland with important regulatory 
functions, and by some workers it is regarded as the organ which co 
ordinates the activity of many of the endocrine glands. But in spite o 
its great importance it is not essential for life. Removal of the glam is 
not fatal, but living is continued at a lower plane than it is when ic 

gland remains intact. , . 

Antihormones. It has been shown by Collip and his co-workers a 
animals when injected repeatedly with certain hormones become 
sistant to them to the extent that the hormones are no longer e ec 
The serum of the refractory animal will antagonize the action o ^ 
particular hormone when the hormone and scrum are administerc 
other animals. Antigrowth, antithyrotrophic, and antigona o ^ 
substances have been demonstrated. It is doubtful whether tns re 

has any importance in the normal animal. . , .. ars 

Posterior Lobe. This consists of the pars intermedia anc n j 1 jjj c 
nervosa. The latter contains no epithelial cells except some as cc |j g 
cells derived from the pars intermedia. It consists of | C( j to 

and nerve fibers. Some of these cells have become di cren geg 
form pituicytcs, which are characterized by their numerous p 
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It has been generally believed that the cells of the pars intermedia 
furnish the active substances of the posterior lobe, but recent work 
makes this view doubtful. It is probable that some intrinsic elements, 
possibly the pituicytes, give rise to the secretion. According to one 
group of workers, the secretion escapes by way of the stalk of the pars 
nervosa into the third ventricle, where it mixes with the cerebrospinal 
fluid. This theory is not generally accepted. The simpler conception is 
that the secretion leaves its place of production by way of the blood 
6tream, as is done by internal secretions in general. 

Injection of Extracts. Injection of extracts of the posterior lobe 
produces a number of profound physiological effects as follows: 

1. A distinct rise in arterial blood pressure, as illustrated in Fig. 209. 
The effect is more prolonged than that of adrenaline. Repeated injec- 


Fio. 209.—Effect of pituitary ex¬ 
tract on blood pressure (in the 
pig). The injection (intravenous) 
was made at —. (Dukes and 
Schwarte, Journal of the American 
Veterinary Medical Association, 
1931, 79.) 



tions may cause little or no rise in blood pressure but may cause a fall. 
A constrictor effect on the smooth muscle of the arterioles is responsible 
for the rise. 

2. An antidiuretic effect (p. 496). 

3. Stimulation of the muscular coat of the uterus. This action is 
believed to be on the muscle itself and not on the nerve supply. Both 
the pregnant and the nonpregnant uteri are stimulated by injections 
of postpituitary extracts. This is spoken of as the oxytocic action, 
which is very sensitive and is the basis of one of the methods of assay 
of pituitary preparations in which the nongravid uterus of the guinea 
pig is used. Pituitary extract may be employed to advantage in selected 
obstetrical cases. 

4. Stimulation of milk flow. It has been shown in lactating animals 
of many species that injection of pituitary extract causes an increased 
flow of milk. Opinion is divided as to the mechanism of the action. 
Some hold that the mammary gland cells are stimulated directly, 
while others believe that the action is simply a hastening of the 
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emptying of the gland because of stimulation of its smooth muscle. 
Pituitary extracts have proved of little value therapeutically in stimu¬ 
lating a deficient milk flow. 

Kamm and his co-workers have isolated two substances from the 
posterior lobe—one possessing the pressor effect (vasopressin, pitressin) 
and the other the oxytocic effect (oxytocin, pitocin). These results have 
been confirmed by others. Pitressin also gives the antidiuretic effect and 
stimulates the smooth muscle of the intestine. The effect upon the 
mammary ducts, about which more information is given in the section 
on lactation (p. 907), is due to oxytocin. Synthesis of this hormone 
has recently been reported by du Vigneaud. 

Removal of the Posterior Lobe. It is generally agreed that removal 
of the posterior lobe causes no evident disturbance of the animal’s 
health, after the effect of the operation itself has disappeared. This 
does not necessarily mean that the posterior lobe is without significance 
in the normal animal, for its function may be taken over by some 
other organ, or the organism may in some other way compensate for 
its absence. 

Paris Intermedia. This part of the posterior lobe produces a hor¬ 
mone, intermedin, which causes expansion of the chromatophores of 
cold-blooded animals. The responses of frogs and chameleons to the 
color of their environment is determined by this action on the chro¬ 
matophores so that intermedin may have a physiological function in 
these species. The hormone has also been demonstrated in the pituitaries 
of warm-blooded animals. Its significance in these animals is unknown, 
though there is some evidence that it is concerned in water metabolism 

ADRENALS 

The two adrenals lie anterior to the kidneys, and they are usually 
larger in the female than in the male. Each consists of two parts, cor 
and medulla. These parts, though united anatomically in most ver 
brates, are distinct in origin and structure and also in function. cc ^._ 
sory adrenals are not of infrequent occurrence, especially in young a 
mals. They are usually located between the kidneys and benea i ^ 
abdominal part of the aorta. They may consist of only cortica 1 ^ 

or of only medullary tissue or of the two combined. Their 
presence must be kept in mind when considering the results o re 

of the adrenals. . . An :*helial 

The cortex is much larger than the medulla. It consis s o var j. 

cells, which contain characteristic fatlike granules or drop e s 
ous sizes. These droplets probably consist of cholesterol es ers 
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ated with lecithin. This lipid material is said to be small in amount in 
the adrenal cortex of herbivores. 

The medulla consists of cells containing typical granules that stain 
brown with chromic acid or its salts. They are designated as chromo- 
phile granules. The chromophile cells of the medulla and those of the 
accessory adrenal tissue are sometimes grouped under the term chromo¬ 
phile system. The adrenals have an extremely rich blood supply. 

Cortex. The cortex and medulla are two physiologically distinct 
organs. In most species removal of the adrenals is usually fatal in a 
few days, and it is certain that death is due to removal of the cortex 
and not the medulla (Stewart). Following are the symptoms of com¬ 
plete adrenalectomy: 

For a day or two there is little evidence of any disturbance. Then 
the appetite fails, the rectal temperature falls, and muscular weakness 
appears. The basal metabolism is lowered, the glycogen stores are de¬ 
creased, and the blood sugar level is reduced. Muscular weakness be¬ 
comes severe, blood pressure is lowered, and death soon follows. 

The rabbit is more resistant to complete adrenalectomy than are 
other animals. Twenty-five per cent or more of adult rabbits recover 
following the complete operation (Stewart). 

A number of hormones have been isolated from the adrenal cortex, 
and it is not yet known how many are actually secreted by the gland. 
They are all steroid substances allied to cholesterol. Their physiological 
activities may be divided into three main classes: glycogenic activity, 
including the maintenance of muscular efficiency; cushioning the or¬ 
ganism against shock due to toxins, trauma, or low temperatures; con¬ 
trol of electrolytes and water metabolism. In the absence of substances 
controlling the last, sodium compounds arc excreted by the kidneys and 
are not conserved in the body; the distribution of electrolytes and 
water in the blood and tissues is thus affected. 

Control of each of these functions is not confined to any one sub¬ 
stance but appears to depend upon the nature and position of side- 
chains about the basic molecular group. Thus, the glycogenic function 
is dependent upon the presence of an oxygen atom at the C 11 position; 
other arrangements are less well known. Glycogenic activity is pos¬ 
sessed by corticosterone and 17-hydroxy-11-dehydrocorticosterone, or 
cortisone, while desoxycorticosterone and an amorphous fraction of 
unknown composition are important for renal function and the distri¬ 
bution of electrolytes. The formula of corticosterone is given below. 
The general structure is shared by the hormones of the adrenal cortex, 
testis, and ovary. An oxygen atom at the position indicated in heavy 
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other effect is to cause hyperexcitability of the brain, and it may cause 
gastrointestinal ulceration. Its clinical use, therefore, must be very 
carefully controlled. The anterior pituitary hormone, adrenocorticotro- 
phin (ACTH), which is sometimes used to stimulate the adrenal cortex, 
has all these effects, besides those additional ones which result from 
its induction of the secretion of other cortical hormones. Its clinical 
use, therefore, requires as careful safeguards as does that of cortisone. 

Cortisone has been used with some degree of success in the treat¬ 
ment of bovine ketosis. 

What appears to be an important endocrine interrelation is that of 
the cortex and the sex organs. It has been shown clinically that sexual 
precocity is not infrequently associated with tumors of the cortex and 
that in the adult female the tumors produce masculinization. Andro¬ 
genic (male) hormones have been isolated from the gland. That the 
adrenal cortex comes under the influence of a hormone produced by the 
anterior pituitary is indicated on p. 8G0, but it should be noted that 
while ablation of the pituitary does not cause death, removal of the 
adrenals docs have this result. Part of the adrenal activity is, therefore, 
not under pituitary control. Recent work suggests that the part not 
controlled by the pituitary is that which secretes the electrolyte-control 
hormones. 

Medulla. The medulla is not necessary for life. It may be com¬ 
pletely destroyed experimentally without in any way affecting the 
health or length of life of the animal when it has recovered from the 
effects of the operation itself (Stewart). 

The Hormone of the Medulla. As stated above, the most character¬ 
istic thing about the medulla is the presence of chromophile granules 
in its cells. These inclusions are known to consist of the hormone of the 
medulla or to contain it as their chief component. Various names are 
given to the hormone: adrenaline, epinephrine, adrenin, suprarenin. 
It has been isolated, analyzed, and synthesized. Chemically adrenaline 
is dihydroxymethylaminoethylolbenzene. It is therefore closely related 
to the amino acid tyrosine, from which it is probably formed in the 
body. Its structural formula is: 


CHOH • CH 2 • NH • CH, 

/V. 


\/OH 

OH 


Adrenaline 
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Secretion of Adrenaline. Adrenaline is discharged into the blood 
leaving the adrenals. Its output is continuous, at least under experi¬ 
mental conditions. The secretion of adrenaline is controlled by secre¬ 
tory fibers in the splanchnic nerve, stimulation of which leads to a 
marked increase in the output of the hormone. Under these conditions 
the concentration of adrenaline in arterial blood becomes great enough 
to provoke distinct reactions, but under ordinaiy conditions the output 
is so small that it cannot be detected in arterial blood, the dilution 
probably being of the order of 1:1,000,000,000. 

Injections of Adrenaline. Intravenous injections of adrenaline pro¬ 
voke profound physiological changes, most of which can be explained 
on the assumption that the hormone stimulates the sympathetic nerves 
of the affected organ. If the sympathetic nerve supply is excitatory, 
adrenaline will cause excitation; if it is inhibitory, adrenaline will cause 
inhibition. The place of action of the hormone is believed to be a 



Fm. 210.—Effect of adrenaline on blood pressure of n 30-kg. pig. Spinal prepara¬ 
tion. At the second signal 0 5 ml. of adrenaline chloride (1:1000) was gi\en in 
travenously. The aortic and carotid sinus reflexes were nonfunctional. The bloo< 
pressure could therefore rise sharply. (Dukes ami Schwarte, Journal of tht Amen 
can Veterinary Medical Association, 1931, 79.) 

substance that exists between the nerve endings and the tissue sup 
plied, rather than the nerve endings themselves. The most striking 
effects of adrenaline injections may be summarized as follows. 

1. Vasoconstriction and cardiac acceleration. The result of t^ se 
actions is a great rise of blood pressure (Fig. 210). The vasoconstric o 
effect is principally on the arterioles of the splanchnic area ant s in. 
Although the primary effect on the heart rate is acceleration, as ^ 
blood pressure rises the heart rate may be slowed because o re e 
stimulation of the cardio-inhibitory center by the high blood pressu 
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Therefore when the vagi are intact, the blood pressure tends to be 
self-limiting. On the contrary, when the vagi are cut or atropine is 
administered, the blood pressure may rise to a higher level. 

2. Under certain conditions adrenaline may cause vasodilatation 
and a fall of blood pressure. This is especially likely to occur when the 
dose is very minute. Among the factors determining the nature of the 
action of adrenaline on the blood vessels arc the organ studied, the 
body temperature, and the depth of anesthesia. 

3. Dilatation of the bronchi. 

4. Relaxation of the stomach and intestine and contraction of their 
sphincters. 

5. Stimulation of certain glands. Thus there is a secretion of saliva, 
of tears, and in some animals a secretion of sweat. 

6. Contraction of the pilomotor muscles. This causes erection of 
hairs and ruffling of feathers. 

7. Dilatation of the pupil and bulging of the eyeball. 

8. Variable effects on the uterus: contraction of the gravid and non- 
gravid uterus in some animals; relaxation of the nongravid uterus in 
others. 

9. Increased conversion of liver glycogen to blood sugar and muscle 
glycogen to lactic acid. 

The Function of Adrenaline. The prevailing opinion at the present 
time is that the output of adrenaline under ordinary conditions is too 
small to be of any significance, if indeed there is any ordinary output 
at all. A view, however, which has much support (Cannon) relates to 
the action of adrenaline during emotional states, in emergencies, and 
the like. It is believed that under these conditions there is a sufficient 
increase in the output of adrenaline, because of reflex stimuli to the 
gland via the splanchnic nerve, to enhance definitely the action of the 
sympathetic nervous system at the points indicated above, the main 
effect being a shifting of the blood to the skeletal muscles to meet the 
emergency. Adrenaline is therefore sometimes termed the emergency 
hormone. Even this view, however, has not escaped criticism, and the 
physiological significance of adrenaline may still be regarded as a sub¬ 
ject for research. (See also p. 808). 

In spite of inadequate knowledge regarding the normal function 
of adrenaline, the hormone has found a number of therapeutic applica¬ 
tions because of its action on the circulation. The most important of 
these is “in combating acute circulatory collapse, especially in trau¬ 
matic shock or accidents of anesthesia. Its effect, however, is of short 
duration and its use should be supplemented by measures that give 
more lasting benefit” (Rogofif). 
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The dependence of one tissue upon others is strikingly illustrated 
by the interrelationships of the adrenal medulla, the anterior pituitary, 
and the adrenal cortex. When the animal is submitted to conditions that 
bring about a state of stress, the adrenal medulla releases adrenaline. 
This puts the animal in an immediate defensive condition by inhibit¬ 
ing intestinal movements, accelerating the heart rate, raising the 
blood pressure, and mobilizing glucose in the blood. Besides these reac¬ 
tions there is one upon the anterior pituitary that causes adreno- 
corticotrophin (ACTH) to be released in larger amounts than usual, 
while the output of thyrotrophin and gonadotrophic hormones is 
diminished. This increased ACTH secretion causes reaction by the 
adrenal cortex with accelerated secretion of glucocorticoids, that is, 
those hormones that help control carbohydrate metabolism, notably 
cortisone. As part of this general reaction there is an increase in the 
breakdown of lymphocytes in the blood, increased phagocytosis and 
antibody formation, and transformation of nonsugars into carbo¬ 
hydrates. 

These reactions evidently serve the purpose of defense against 
the conditions of stress, whether it be physical alarm, stress induced 
by exposure to excessive cold, or by the use of anesthetics, or by bac¬ 
terial invasion. This reaction is, therefore, known as the “alarm 
reaction.” 


PINEAL 

This organ is present in most vertebrates. In the higher animals it 
is attached by a short stalk to the roof of the third ventricle. Various 
views are held regarding the histological structure and the physiological 
significance of the pineal. Following arc some of the views as to 
its structure: (1) It is an endocrine organ. (2) It consists entirely of 
neuroglia. (3) It is a vestige. (4) It is similar to lymph nodes. The last 
two views arc, according to Tilney, untenable. That the organ is endo¬ 
crine in function is probable on histological grounds. This, howe\cr, 
would not exclude the possibility that it is made up largely of neurog 
lial tissue. Perhaps this tissue has taken on a secretory function, cr 
tainly the character of the pineal cells would indicate a function 1 

ferent from that of neuroglia in general. .. 

Although it is probable that the pineal is an endocrine oigan, 
function is unknown. Experiments made in an effort to determine i 
function have been of three main kinds: (1) feeding experiments 
f2) injection experiments, and (3) extirpation experiments. Surgica ^ 
moral in many species shows clearly that the organ is not essen ^ 
to life. While in some instances the results of the different ,nf 
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experiments have been negative, insignificant, or doubtful, the balance 
of evidence seems to indicate that the organ plays some part in the de¬ 
velopment of puberty and possibly in the early growth of the body. Tu¬ 
mors of the pineal are occasionally present in cases of sexual precocity. 

THYMUS 

The thymus is usually classified with the endocrine organs, al¬ 
though it is not certain that such a classification is justified. Assuming 
that it is an endocrine organ, it may be said to be the least understood 
of these. The thymus is a triangular organ, whose base rests on the 
pericardium. It consists usually of two lobes, loosely joined together. 
The upper portions extend into the neck on each side of the trachea. 
Morphologically the thymus resembles lymphoid tissue, and some 
workers believe that functionally it should be grouped with this tissue. 
I hat it is an important source of lymphocytes is generally recognized. 
A fact of considerable physiological interest is that the thymus attains 
its greatest development before puberty, a little after which time its 
involution sets in; but even in very old animals some thymus tissue 
persists. 

Experiments made in an effort to determine the function of the thy¬ 
mus have, for the most part, yielded disappointing results. Extirpation 
studies in many species of animals show conclusively that the organ is 
not essential to life. Feeding thymus substance and, in the hands of 
most investigators, injecting thymus extracts have given doubtful or 
negative evidence. 

Interrelations are believed to exist between the thymus and several 
of the other endocrine organs. The best known of these is with the sex 
glands. It has been shown by many workers that castration or spaying 
delays involution of the thymus; however, it appears equally certain 
that thymectomy has no effect on the activity of the sexual organs 
(Andersen). Other interrelations have to do with the adrenals and the 
thyroid. Adrenalectomy in rabbits prevents involution of the thymus 
and causes regeneration in involuted thymuses, provided the thyroid 
gland is intact. Thyroidectomy in rabbits hastens involution and pre¬ 
vents the regeneration of the thymus that usually follows adrenalec¬ 
tomy. 

SOME GENERAL CONSIDERATIONS 

Considerable effort has been expended to explain differences in race, 
form, and temperament in terms of endocrine differences. Thus tall 
races arc said to be hyperpituitary, and short races hypopituitary; 

( ark races to be hypoadrenal, hairy races, hyperadrenal; excitable peo- 
P c or animals, hyperthyroid, beef cattle, hypothyroid; and so on. 
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There is justification for some of the conclusions but others are most 
speculative. There is no doubt that the endocrines profoundly affect the 
metabolic processes and hence that they are involved in growth, dif¬ 
ferentiation, metabolic rate, and mental processes. But there are many 
endocrine glands and they are interrelated in such a complex way that 
it is difficult to explain any species or individual differences in terms of 
our present knowledge. Indeed, it is due to these interrelationships that 
much of the work on the endocrines is contradictory and puzzling. 
Removal or augmentation of one gland immediately affects the activity 
of all the others, so that we cannot obtain a clear view of the activity 
of the gland under investigation. Levels of endocrine activity vary with 
the environment and, in some degree also, with the heredity of the 
animal. The relationship between the hormones and the tissues upon 
which they react is usually quantitative but it, too, varies. Age and 
heredity are known to affect the results. Thus, the pituitary gonado- 
trophe is far less effective in the infantile subject than it is in the 
adult. Some strains of rats are more susceptible to adrenal deficiencies 
than others; strains of pigeons have been developed which differ in the 
response of their crop glands to prolactin by as much as twenty times, 
giant breeds of dogs seem to differ more in the degree of response to 
pituitary growth hormone than in their pituitary activity (Stockard). 

In the general endocrine picture it is evident that the anterior 
pituitary, though not essential to life, has a pre-eminent position, as it 
produces hormones that regulate the level of activity of the other 
endocrine glands. There is some evidence that it may share this pre 
eminence with the adrenal cortex, but the relationships of the anterior 
pituitary are so marked that it has been described as “the conductor o 

the endocrine orchestra.” . . 

One point may be emphasized here. The hormones are chennea 
substances and are used up as they produce their effects. Consequent > 
in replacement therapy injections have to be given repeatedly to main 
tain the proper level in the body. This is well illustrated in the case o 
insulin, which is familiar to everyone. Furthermore, the hormones are 
physiologically the most active substances known. The ar “® lin 
thyroxine in the blood in man is certainly below one-hundre 0 
milligram per 100 ml., and some other hormones, notably those o 

sex glands, are even more active. 
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Chapter XXXIX 


FEMALE GENERATIVE ORGANS 


N O PHASE of physiology holds a greater interest than the study of 
the phenomenon of reproduction. Our knowledge of its proc¬ 
esses has been gained in very recent years as the reproductive tract 
was the last of the major systems to undergo detailed study by the 
physiologist. As our knowledge lias broadened, it has become clear that 
nowhere else do we have so complex a series of actions co-ordinated 
with one another both in time and intensity to bring about the de¬ 
sired results. This delicate mechanism requires the prefect co-operation 
of the rest of the body. Consequently we find that when adverse con¬ 
ditions affect the other systems the reproductive mechanism is thrown 
temporarily out of gear, and it does not function normally again until 
the remote condition has been readjusted to bring the physiological 
processes once more into harmony. Conversely, sexual maladjustments, 
especially if physiological in nature, reflect themselves in the general 
bodily conditions, producing in particular disturbances in metabolism. 
An example of this is seen in the excessive deposition of fat which is 
found in some castrated males and in their general tractabilitv. 

THE SEXUAL CYCLE 

The female reproductive system has in most species a well-marked 
functional rhythm called the estrous cycle. Although each species has 
its own peculiarities, yet in the final analysis there is an essential simi¬ 
larity in the processes taking place in all female mammals, the chief 
differences being in the relative emphasis of the parts of the cycle. 

The principal organ of reproduction in the female is the ovary, since 
by the production of ripe ova or eggs it sets the pace for the remainder 
of the tract, which must be adjusted to receive the ova and to carry 
them through to birth. This being so, the ovary has a dual function, 
the production of ova and the secretion of hormones. The latter cause 
the necessary adjustments of the accessory reproductive organs, or 
tubular genitalia, to take place. The estrous cycle or rhythm is divided 
into several more or less well-marked phases. 
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Proestrum. The first phase of the cycle is proestrum or the period 
of building up. During this phase the graafian follicle within the ovary 
is growing, principally by the increased secretion of follicular fluid. 
This fluid, which surrounds the ovum, contains the hormone estradiol. 
This is absorbed into the blood, whereupon it passes to the oviduct, or 
fallopian tube, and there causes a growth of the cells lining the tube and 
an increase in the number of cilia which are shortly to transport the 
ova to the uterus. At the same time a marked increase in the vascular¬ 
ity of the uterine mucosa takes place in preparation for the intense 
wave of growth which is soon to occur. The epithelial wall of the vagina 
increases in thickness, and as the cells bounding the lumen of the 
vagina are withdrawn farther from their blood supply they become 
cornificd in certain species. The vaginal adjustment is well fitted to 
prevent possible damage to the wall when coitus occurs. In the dog 
the uterine part of these changes is accompanied by bleeding, the cause 
of which is not understood. 

Estrus. The next stage is that of estrus, or the period of desire. 
This period is particularly well marked in the domestic animals. The 
changes of proestrum are intensified, and during this time the female 
will receive the male. The graafian follicle is now “ripe,” or very turgid, 
and the ovum is undergoing certain maturation changes which have an 
important bearing on the hereditary possibilities that the egg will carry. 
In most of the species whose reproductive physiology has been studied, 
a very small proportion of the whole, this period is brought to a close 
by the rupture of the follicle, or ovulation. Follicular rupture is spon¬ 
taneous in all known species except the rabbit, cat, ferret, mink, ground 
squirrel, short-tailed shrew, and a few others. In these animals estrus 
may last for a long time, and ovulation usually occurs only as a result 
of coitus, which initiates a nervous reaction. This will be discussed 
later in connection with the function of the anterior pituitary. If 
coitus is prevented in these species, ovulation does not take place and 
the graafian follicles degenerate and are reabsorbed. The changes nor 
mal in other species follow only if coitus with consequent ovulation has 


taken place. 

Mctestrum. During this time the cavity of the graafian f° IC ® 
from which the ovum has been expelled becomes reorganized. The t leca 
interna or fibrocpithelial coat of the follicle grows in, carrying wit 1 
blood vessels. The granulosa cells, which have not all been expe ^ 
with the ovum, hypertrophy and become laden with fine lipid drop » 
This new structure is the corpus lutcum, an endocrine gland "di' , r \ 
port.ant functions. It prevents the maturation of further graafian o ^ 
cles, thus preventing the occurrence of further estrous perio s or 


FEMALE GENERATIVE ORGANS 


877 


time. It is essential for the implantation of the fertilized egg and for its 
nourishment during early pregnancy and is intimately concerned in 
the development of the mammary gland. 

During metestrum the vaginal wall loses most of its new growth. 
The epithelial cells are desquamated, a process which is assisted by 
a heavy invasion of leukocytes, so that the epithelium returns to the 
resting state characterized by a layer of columnar cells. The uterus 
also undergoes a change in some species. The epithelium of the mucous- 
layer or endometrium is denuded with the possible rupture of some 
capillaries. 

Diestrum. During this phase, which is usually the longest part of 
the cycle, the corpus luteum is fully grown and its effect on the uterine 
wall is very marked. The endometrium thickens and the glands within 
this structure hypertrophy, increasing in size and complexity. The 
muscles of the uterus also develop. These reactions are obviously in¬ 
tended to produce a copious supply of uterine “milk” for the nourish¬ 
ment of the embryo prior to its attachment to the uterine wall and to 
provide a rich vascular bed for the placenta. If pregnancy supervenes, 
this stage is prolonged throughout gestation, the corpus luteum remain¬ 
ing intact for the whole or most of this period. In the absence of a 
fertilized egg the corpus luteum undergoes retrogressive changes, and 
the cells become vacuolated and laden with large lipid droplets. These 
changes are followed by a rapid resorption of the corpus luteum. In 
some species, such as the cow and the ewe during the breeding season, 
the regression of the corpus luteum is followed by the growth of a new 
wave of graafian follicles, which causes the induction of a new proes- 
trous period. At the end of the breeding season in the unmated ewe 
the ovary becomes relatively quiescent, and the accessory organs, de¬ 
prived of hormones to a large extent, tend to atrophy. This condition 
lasts until an external stimulus, as yet imperfectly understood, causes 
the ovary to enter upon a new cycle of activity. In the bitch, even 
though the eggs are not fertilized, the corpus luteum, with the uterine 
changes induced by its hormone progesterone, persists for the length of 
time usual in pregnancy. In the rabbit, after ovulation has been induced 
by coitus, a similar condition exists for 16 days if pregnancy has not 
occurred. Pregnancy in this species lasts for 32 days. As these diestrous 
periods are terminated by activities which normally occur at the end 
of pregnancy, such as nest making and the secretion of milk, they are 
described as pseudopregnant periods. 

The estrous cycle may be summarized as follows: 

A. Proestrum. Growth of follicles, thickening of vaginal wall, and 
increased vascularity of the uterine mucosa. 
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B. Estrus. Maturation and rupture of graafian follicle. Period ol desire. 

C. Metestrum. Growth of corpus luteum, desquamation of vaginal 

epithelium, some destruction in uterus. 

D. Alternatives: 

a. Diestrum. Corpus luteum mature, rapid growth and mainte¬ 

nance, followed by involution, of uterine mucosa and glands. 

b. Pseudopregnancy. As in diestrum, but usually lasting longer 

and ending with reactions usually observed at the end of 
pregnancy. 

c. Pregnancy. Prolongation and intensification of the diestrous re¬ 

actions under the influence of the embyro and placenta. 

E. Alternatives: 

a. Proestrum. As above. 

b. Anestrum. Quiescence of the ovary and hence of the entire 

reproductive tract, followed eventua’ly by proestrum. 

In the higher primates the period of estrus is not marked, coitus 
being permitted at any stage of the cycle. Ovulation occurs in man 
about the twelfth day from the beginning of menstruation, while 
menstruation itself is preceded by the involution of the corpus luteum. 
The menstrual bleeding appears to be due to a rapid degeneration of 
the endometrium, a result of the withdrawal of the growth stimulus 
which has been provided up to this time by the corpus luteum hormone. 
The procstrous period is probably represented by the interval between 
menstruation and ovulation when the endometrium is increasing m 
vascularity. In young subjects, especially in the macaque monkey, 
menstruation may occur without ovulation. In this case the endome¬ 
trium is vascular but has not entered upon the luteal, or glandular, 
phase so that the bleeding occurs from an unprepared cndometimm. 
This phenomenon is imperfectly understood and complicates our \ ie" s 
of the nature of menstruation. Possibly menstruation without ovulation 
may represent an intensified metestrous degeneration not held m c iec 

by a developing corpus luteum. . . 

The nature of the discharge from the genital passage during ie 
estrous cycle has been studied in a number of species. The const* 
ents of the flow (mucus, white and red blood corpuscles, epithelial ce s, 
and cellular detritus) vary with the stage of the cycle. This \'i 
taken up in the discussion of the individual species. e 

Wild mammals are for the most part moncstrous, that is, • 

• complete but one estrous cycle per year. Under domestication t le s 
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o f nutrition is increased, and the animal is given protection from the 
elements to a much greater degree than in the wild state. This has led, 
in many instances, to more frequent heat periods. An animal having 
periodic heats through the year is said to be polyestrous, and the cycles 
aie called diestrous cycles. Some animals, such as certain breeds of 
sheep, exhibit diestrous cycles throughout only a part of the year and 
are said to be seasonal or seasonally polyestrous, this season generally 
being known as the breeding season. 

First Appearance of the Estrous Cycle—Puberty. The attain¬ 
ment of sexual maturity is a gradual process. As the ovary increases 
in size as a whole, and the graafian follicles in particular enlarge, more 
of the follicular hormone, estradiol, is produced. This causes the growth 
of the tubular genitalia and the mammary glands. It also causes the 
production of the secondary characters which we regard as feminine, 
such as the typical female distribution of fat. As is well known, the 
development of full sexual maturity is a gradual process so that the 
attainment of puberty, which may be defined as the time at which 
reproduction may occur for the first time, is not associated with full 
reproductive capacity. This comes later. In animals such as the sow, 
in which several young may be born at a time, the first two or three 
litters are smaller than the later litters. At the first few heat periods 
the number of ripened follicles is below the number which ripen at the 
height of sexual life. The time of puberty varies with the state of 
nutrition and with climatic conditions. Puberty is reached much earlier 
in animals kept in a high state of nutrition. Mares usually reach pu¬ 
berty by the second year of life. Kupfer states that the donkey reaches 
maturity in one year, but horses and donkeys allowed to run on the 
veld in South Africa may be two years old before it is reached. Well- 
cared-for dairy heifers reach puberty at about the seventh month; 
range cattle, up to fifteeen months. Kupfer states that Swiss cattle 
in central Europe mature at eighteen months. The earliest recorded 
parturition in a cow is one day short of a year (mother, 364 days of 
age). Ewes and sows breed at about six months; the sow, however, 
may mature somewhat earlier than this. Dogs and cats often breed at 
six months to one year of age; but a greater variation is common in 
both species. 

Pregnancy. The cstrou6 cycle is normally interrupted by preg¬ 
nancy. In lower mammals conception can take place only during 
estni8, as this is the only time the female will permit coitus; and, as 
will be seen later, the ovum is short-lived, so that diestrous or anes- 
trous coitus would be futile. The number of pregnancies in one year 
will naturally vary with the species and the duration of pregnancy. In 
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the mare and cow only one pregnancy takes place per year. In some' 
breeds of sheep, in sows, in bitches, and in cats, at least two pregnancies 
a year are possible. Occasionally mares are found that become pregnant 
only every other year, and this may also be true of cows under range 
conditions. 

I he estrous cycle reappears in many of the domestic mammals 
shortly following parturition. In the mare estrus recurs from eight 
to eleven days following foaling. The time may, however, be some¬ 
what longer. The cow may ovulate from six days to seven weeks after 
calving. The sow frequently ovulates three to six days after delivery. 

1 he estrous cycle is absent during pregnancy, although some fe¬ 
males manifest heat during this period. The pregnant domestic rabbit 
commonly permits coitus and sometimes manifests intense libido. Cows 
are occasionally seen that come in heat at regular or irregular intervals 
during a part, or even all, of pregnancy. 

Menopause or Climacteric. Senile changes known as the meno¬ 
pause regularly take place in the genital organs of women at an average 
age of forty-nine years. This condition is not well understood in the 
domestic animals, as they usually die before this stage of life is 
readied or are disposed of by their owners. Marshall states: “Mares 
have been known to produce young beyond thirty years, sheep up to 
twenty, and cats to fourteen." The available evidence suggests that the 
cessation of breeding is a more gradual process in the domestic animals 
than in man. 


OVARY 

The ovary has a dual purpose, the production of the egg or ovum 
and an endocrine function. The production of the ovum and its asso¬ 
ciated phenomena will be discussed first, and the endocrine relations 
later, as they are not readily understood until one has a clear concep¬ 
tion of the cyclic changes in the tubular genitalia. 

In all mammals the ovary apparently develops with germinal epi¬ 
thelium completely surrounding it except at the hilum. It retains this 
entire envelope of germinal epithelium in all species studied except 
those of the family Equidac. Kiipfer states that in the young adult 
mare and donkey germinal epithelium covers the ovary except a 
the hilum and that ovulation takes place over any part of the surface, 
the same as in other domestic mammals, but as the animal grows ° r er 
the poles of the ovary grow out and are covered only by peritoneum- 
The only part of the ovary then covered by germinal epithelium is 10 
ovulation fossa. From this time on, ovulation takes place from e 
ovulation fossa. 
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The ovary is divided into an inner medullary and an outer cortical 
portion (the medulla is not well defined in the mare). The medulla con¬ 
tains blood vessels, nerves, ganglion cells, stroma, and embryonic 
vestiges. The cortex of the ovary is made up largely of ovarian follicles 
and stroma. Beneath the germinal epithelium, or, as in the mare, the 
covering peritoneum, is a heavy membrane, the tunica albuginea. This 
is extremely heavy in the mare, making rectal palpation difficult and 
expulsion of ovarian follicles, cysts, or corpora lutea by digital pressure 
practically impossible. Nerves are derived from the renal and aortic 
plexuses of the sympathetic nervous system. These efferent nerves are 
believed to be mainly vasomotor in function. 

Ovogenesis. The production of ova starts early in the prenatal 
period and was formerly thought to cease shortly after birth. The ova 
formed at this time were thought to remain and be utilized throughout 
the sexual life of the individual. Allen, in 1923, attacked this theory, 
claiming that in the mouse new ova are formed from the germinal epi¬ 
thelium at each heat period; in other words, claiming that ovogenesis 
is a continuous process throughout sexual life, just as spermatogenesis 
is known to be in the male. Continuous ovogenesis in adult life is now 
definitely claimed for the mouse, rat, guinea pig, dog, cat, monkey, and 
man. Its demonstration in such a wide range of animals would tend 
to indicate its occurrence in all mammals, but all the evidence from 
the cow indicates that it is absent in this species. Ovogenesis has been 
said to take place during pregnancy as well as during the estrous 
cycle. 

Ovarian Follicle. Soon after an ovum forms, it is enclosed in a 
structure known as the ovarian (graafian) follicle or ovisac. This fol¬ 
licle first consists of a single row of epithelial cells surrounding the 
ovum. The follicle grows by multiplication of the epithelial cells and by 
a special formation of the surrounding connective tissue stroma, known 
as the theca folliculi. The theca is divided into an outer zone of typical 
stroma cells (theca externa) and an inner zone of epithelioid cells 
(theca interna). After a certain stage of growth, the epithelial cells 
begin to separate, producing an antrum filled with a light brown or 
yellowish, alkaline, albuminous fluid, the liquor folliculi. In this stage 
of development the ovum remains in a small hillock of epithelial cells, 
which projects into the antrum folliculi and is known as the discus 
proligerus. The ovum and its surrounding epithelium together are 
known as the cumulus odphorus. The epithelial cells around the circum¬ 
ference of the follicle form the membrana granulosa. As the ovarian 
follicle matures, the cumulus oophorus becomes nearly or completely 
separated from the membrana granulosa. Ovulation takes place by a 
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rupture of the follicle at the ovarian surface. The follicle at this time 
is under considerable tension. The ovum is gradually washed out 
with the liquor folliculi and is soon ready to be fertilized by the male 
sex cell. In a few instances it fails to be liberated when rupture occurs, 
being held in foldings of the wall as the follicle collapses (Long and 
Evans). (This is one reason why uniparous females occasionally pass 
over a heat period without conceiving.) The diameter of the ovum is 
about 0.13 mm. There is a surprisingly small variation in the different 
species of mammals. 

Cyclic Development of Ovarian Follicles. The cyclic development 
of ovarian follicles plays a very important part in the reproductive phe¬ 
nomena in the female. Small follicles develop and then become atretic 
and disappear throughout the later part of prenatal life. From birth to 
puberty this process continues, but the follicles progressively enlarge 
before regression sets in. A six- or eight-month-old heifer calf may have 
two dozen to six dozen follicles in the ovaries, the follicles ranging in 
size from 2 to 15 or even 20 mm. in diameter. 

The process of development and regression of follicles is continued 
throughout sexual life, but it is now cyclic in character. After studying 
ovogenesis and follicular changes in several classes of mammals (rat, 
guinea pig, dog, cat, and man), Evans and Swezy have come to the 
conclusion that a definite follicular cycle is manifest in all mammals, 
which involves follicles of all sizes in the ovarv. Thev conclude that the 
life of the egg cell is probably shorter than that of any other group 
of body cells with the possible exception of the formed elements of the 
blood, new ova being formed with each succeeding cycle, largely during 
metestrum and ancstrum. All follicles of the previous cycle which do 
not mature and ovulate become atretic, a process which reaches it* 
height at proestrum and estrus. 

Follicular Development during Pregnancy. In the mare, con, 
and probably all other species, large follicles appear in the early pait o 
gestation, atresia overtaking them at various stages of development. 
These follicles gradually decrease in number and size until in late preg 
nancy the ovaries arc small, firm, and contain no large follicles. 1 1 
the exception of the mare, ovulation does not occur during pregnane}. 
Cole, Howell, and Hart have shown that several ovulations occur 
regularly in the marc between the 40th and 150th day of pregnane*}, 
this species and also, probably, in other Equidac the placenta ias 
specialized function. For details see p. 905. . 

The Corpus Luteum. The corpus luteum is a temporary cm <1CI . 1 
gland that forms from the wall of the follicle immediately ° 0W1 
ovulation in the manner already described. During its functions 
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it is a highly vascular structure. Following ovulation the follicles col¬ 
lapse and present a folded appearance. There may be more or less 
hemorrhage at this time. In some species considerable hemorrhage 
seems to be the rule, while in others the reverse is true. The appearance 
of hemorrhage has led to the term corpus hemorrhagicum for this stage. 
Some extravasation of lymph takes place because of injury of the blood 
vessel walls. In the rat, ferret, and dog a complete redistention takes 
place, which is later resorbed as the corpus luteum develops. 

The corpus luteum usually remains fully developed throughout 
pregnancy in all domestic mammals except the Equidae. It shows cel¬ 
lular degenerative changes in the cow at five months of gestation, but 
no gross involution is noticed. 1 The mare differs markedly from other 
mammals in that the corpus luteum undergoes complete involution dur¬ 
ing late pregnancy. As previously stated, Cole and Hart report ovula¬ 
tion in the mare during pregnancy. They also state that those follicles 
which ovulate form corpora lutea, as high as eleven being found in 
the ovaries at one time. After the 150th day of gestation they atrophy 
and in the latter part of pregnancy are no longer visible. 

The corpus luteum undergoes rapid involution following parturi¬ 
tion. Some animals ovulate very shortly following parturition, and 
in some rodents the corpora lutea that develop remain throughout the 
period of lactation (the corpus luteum of lactation), thus preventing 
the estrous cycle while the mother is lactating. 

OVIDUCTS AND THE UTERUS 

The oviducts or fallopian tubes are folded tubes lying in the outer 
fold of peritoneum that extends from the ovaiy to the uterus, the meso¬ 
salpinx. Their free anterior extremities open into the peritoneal cavity, 
and their posterior extremities are continuous with the cornua or horns 
of the uterus. The peritoneal opening of the tube is continued by the 
fimbria, an expanded portion of the mucous membrane which lies in 
close relation to the ovary. The oviducts convey the ovum from the 
peritoneal cavity to the uterus. The uterus is divided into a body and 
two horns or cornua. The horns are relatively long and the body is very 
short in all the domestic mammals except the mare, in which the body 
is nearly the same in length as the horns. The horns are straight and 
long in the bitch and cat, extremely long and folded in the sow, and 
curved somewhat like a ram’s horns in the cow, ewe, and goat. In these 
species the inner surface presents rows of cotyledons or caruncles, which 
develop to form the maternal placenta in pregnancy. It is in the uterus 

1 In a few cases tho corpus luteum does not remain during the lost stages of pregnancy 
in the cow but undergoes marked degeneration and is very small at tho timo of parturition. 
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that the young become attached and develop until the time of birth. 
The cervix is considered a part of the uterus, but it will be discussed 
separately because it is both morphologically and physiologically a dis¬ 
tinct organ. I he nerve supply of the uterus is derived from the sympa¬ 
thetic and the parasympathetic. The sympathetic fibers are predomi¬ 
nantly motor, the parasympathetics predominantly inhibitory. The 
uterus may contract by reflex action through the lumbar cord; for ex¬ 
ample, nursing causes contraction of the puerperal uterus. 

Changes in the Tubal Mucous Membrane. The epithelium of the 
uterine tubes is simple columnar, some of the cells bearing cilia, others 
not. In the pig Snyder describes a high columnar epithelium with a 
smooth, regular surface at cstrus. This epithelium changes to a much 
lower type during diestrum, the nonciliated cells projecting above 
the surface of the ciliated ones and frequently being actually extruded 
into the lumen. Snyder also reports a cyclic change in the human tubes 
in which the columnar cells become tall and regular at the midmen- 
strual (ovulation) period. Thus the tall, regular epithelium is asso¬ 
ciated with the time of passage of the egg through the tube. The tubal 
epithelium is low and irregular during gestation. In some species such 
as the rabbit a layer of albumin is deposited on the egg as it passes 
down the tube. 

Activity of Uterine and Tubal Muscle. The musculature of the 
uterus and tubes shows spontaneous contraction waves, which vary 
with the stage of the estrous cycle. By examining whole excised organs 
of the sow under warm oxygenated Locke’s solution, Wislocki and 
Guttmachcr determined that contractions are predominantly peristaltic 
in nature but may at times be antipcristaltic. They found that tubal 
contractions originated largely from the ovarian end of the tube and 
passed toward the uterus and that uterine contractions originated 
somewhere in the horn and passed toward the cervix. Neither of thc>e 
movements was necessarily complete, that is, one movement usuall} 
did not pass over the entire organ. Several peristaltic movements might 
be passing over the organ at one time. By their naked-eye observations 
they could detect little or no activity in the uterine or tubal niusc e 
during the last few days of the estrous cycle. 1 he tubal muse c 
gradually developed activity at the time of cstrus, while the uterine 
muscle remained quiet until ovulation, when it became suddenly acti'C. 
This activity remained until the corpora lutea were fairly well forme ■ 
and then it gradually subsided. In the immature animal they founi ^ 
tubal and uterine muscle continuously active. In case of conccp *o^» 
complete quiescence of muscular activity was not observed. Ko c u 
strips of uterine muscle of the sow and recorded the contractions on 
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kymograph. Seckinger used a similar method of determining tubal 
contractions in the sow. He observed that during estrus and early 
metestrum there is a rapid contraction of the musculature of the 
uterine tubes, while during the interestrous period the contractions are 
relatively slow. Keye reports that the uterine muscular contractions are 
strong during estrus. becoming irregular following estrus and grad¬ 
ually passing into a state of very slight but more rapid contractions 
eight or ten days after estrus. Rectal palpation in the cow affords a 
method of studying normal uterine contractions in a general way. 
These confirm the studies reported for the sow in that uterine contrac¬ 
tions are strongest during the time of heat. During estrus the uterus 
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Fio. 211.—Contractions of uterine muscle in relation to the cstrous cycle in 
the cow. (From Asdell, Patterns of Mammalian Reproduction, Comstock 
Publishing Company, Inc.) 

is erect and feels firm (turgid). At other times of the cycle the uterus 
of the cow feels quite flaccid, but after being handled for a few mo¬ 
ments it gradually increases in tone and may develop the same turgid 
state found during estrus. 1 If conception takes place, the turgidity of 
the uterus found during estrus is retained through early pregnancy. 
Tracings of the activity of the uterine musculature of the cow at differ¬ 
ent stages of the cycle are illustrated in Fig. 211. 

1 Tbo dlteascd uterua In the cow will not develop the name turgid Rtnto from handling 
that la found in the normal organ; thia ia of clinical importance In dotocting metritis. 
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Course of the Ovum Following Ovulation. Upon liberation 
fi om tlie ovary the ovum is shed into the funnel of the oviduct, which 
is believed to invest the ovary more closely at this time, an adjustment 
which is brought about by contraction of smooth muscle fibers. It has 
been shown that, when one ovary is removed leaving the fimbria and 
tube entire and the other tube is closed, a normal pregnancy may 
follow. I he ovum may therefore be liberated from one ovary, cross 
the intervening space in the peritoneal cavity, and pass down the 
uterine tube of the other side. It is unknown by what means the egg 
may be occasionally transported across the peritoneal cavity as in 
these cases. A very plausible theory is that the cilia of the fimbria beat 
toward the ovarian end of the tube, creating a movement of the thin 
layer of fluid between the peritoneal surfaces and thus drawing the 
ovum with the current. This is probably augmented by the peristaltic 
action of the smooth muscle of the fimbria and tube. In the dog and cat 
the ovary is almost inclosed within the bursa ovarica; upon ovulation 
the liberated liquor distends the bursa and causes its thin free border 
to press against the surface of the ovary. By this means there is little 
chance of the ova escaping. It is certain, however, that many ova in 
mammals do not reach the uterine tubes and are lost in the abdominal 
cavity. The passage of the ova through the tubes requires three to five 
days, and the rate of travel is fast through the first and last thirds, 
taking but a few hours. Fertilization probably usually occurs in the 
funnel, since the coating of albumin received during passage down the 
tube prevents the spermatozoa from entering the eggs. The fact that 
fertilization may take place before the ova even enter the tube is evi¬ 
denced by the occasional occurrence of ovarian pregnancy. 

Two theories have been advanced to account for the movement of 
the ova through the tubes: ciliary activity and peristaltic activity. 
Probably both mechanisms arc involved but, since peristaltic move¬ 
ments are greatest in the oviduct during and just after heat, the latter 
appears to be the more important. The placement, or spacing, of the 
fertilized ova in the uterus of multiparous females must be the result 
of peristaltic activity as there arc no cilia present on the uterine epi¬ 
thelium except in the gland crypts. In the cow the fetus usually lies 
in the horn of the uterus on the same side as the ovary from which t ie 
egg was liberated. Occasionally, however, the embryo is known to 
work through the body of the uterus and pass into the opposite horn- 
In multipara the number of fetuses in each horn tends to become equa 
regardless of the ovary from which the eggs were liberated. 

(1926) showed this to be the case by breeding semispayed sows. 
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same number of fetuses was present in both uterine horns in spite of 
the fact that all the ova were from one ovary. 

If the ovum is not fertilized in its passage through the uterine tube, 
it passes into the uterus and soon degenerates. Corner (1921) found ova 
of the sow in the uterus in an advanced state of degeneration by the 
seventh and eighth days after ovulation. 

Maturation. During the formation of the male and female sex cells 
a process of division known as maturation or reduction division occurs. 
The primary object of maturation seems to be to halve the chromo¬ 
somes in the sex cells so that their union will again equal the char¬ 
acteristic number for that species. This reduction division occurs dur¬ 
ing the formation of the secondary spermatocyte and oocyte. The 
chromosomes are of both maternal and paternal origin and carry genes 
by which hereditary traits are transmitted. The process of maturation 
is illustrated in Fig 212. In the case of the sperm, all four cells resulting 
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Fig. 212. —Schematic illustration of maturation of sperm and ovum. (After Boveri.) 


from maturation are functional; but in the case of the egg one cell re¬ 
tains most of the cytoplasm, the other two constituting abortive ova 
or polar bodies. The first polar body is formed before ovulation in 
most species and afterward in a few (dog). The second polar spindle 
is formed, but the second polar body is not extruded unless the ovum 
is fertilized. 

Fertilization. It has already been stated that the ovum and sperm 
unite in the funnel of the oviduct. Just what specific force causes these 
cells to be attracted to each other is not definitely known. When the 
ovum is released it is surrounded by granulosa cells. These are dis¬ 
persed by the first few spermatozoa to reach the egg. The sperms con¬ 
tain an enzyme, hyaluronidase, which dissolves the intercellular cement 
substance and causes the cells to fall apart. This permits the next 
spermatozoon an uninterrupted passage to the ovum, but, although this 
process may aid fertilization, it is not essential since penetration of the 
intact cumulus oophorus has been observed in the rat. 
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In multiparous females all the ova liberated at one heat period are 
seldom fertilized, or, at any rate, they fail to develop into norma) 
} oung. The number ol young found in the uterus averages somewhat 
less than the number of corpora lutea in the ovaries. In the sow the 
number of ova lost has been found to be 20 to 30 per cent, and in some 
(ases as much as 50 per cent, of the number liberated. Twin pregnancies 
*n the mare are not nearly so common as double ovulations, as reported 

b} Aitken, nor are twins and triplets so common in cattle as multiple 
ovulations are known to be. 

Only one spermatozoon can normally enter an ovum. As the sperm 
cell enters it loses its tail-piece, and the egg becomes impervious to an¬ 
other sperm. I his process is known as fertilization or fecundation. 
It should be remembered that the sperm consists essentially of a nu¬ 
cleus or head, a middle-piece or body, thought by some to carry the 
centrosome, and a motile part or tail-piece. Thus the sperm contains 
but little food material, while the egg consists of the nucleus and 
considerable cytoplasm containing food material known as yolk. (The 
volk is greatly increased in the egg of the fowl and other lower forms 
of animal lile, thus providing the source of nutriment for the develop- 
young.) After union of the sex cells, the head of the sperm takes 
on the form of a true nucleus and moves toward the nucleus of the 
ovum. Thus are formed two nuclei, the male and female pronuclei. 
These unite to form the segmentation nucleus, and division starts at 



Fio. 213. —Photograph of the two-cell stage of a 
living cow’s ovum. (From Hartman, Lewis, Miller, 
and Swett, Anatomical Record, published by the 
Wistar Institute.) 


once in the formation of a new life. Details'of the segmentation process 
must be left to the embryologist. The two-cell stage of the cows ovum 
is shown in Fig. 213, and the four-cell stage can be seen in the oviduct 
of the dog in Fig. 214. The segmenting egg usually reaches a man} 
cell stage by the time it passes into the horn of the uterus. The mos 
complete study of the early embryo of the higher mammals is proba y 
that of Ileuser and Streeter on the pig. According to these aut ors 
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the rate of cleavage of the egg during the first seven days may be 

roughly stated as one cell division per day. 

It is readily understood that neither the egg nor the sperm can form 

% 


a new life in itself, since the egg requires the presence of the sperm 
before cleavage occurs. Many interesting experiments have been carried 
out in an effort to determine just what relation these two cells have 
to each other. In the sea urchin the spermatozoon has been placed with 
the yolk of a broken egg, and a larva developed, thus shewing that the 



Fio. 214—Photograph of the four-cell stage of segmenting dog’s 
ova in the uterine tube. (Reproduced, by permission, from Evans 
and Cole, The Ocstrou* Cycle in the Dog, Memoirs of the Uni¬ 
versity of California, 9, no. 2.) 


spermatozoon may develop if the necessary food is present. On the 
other hand, the egg has been subjected to certain environmental condi¬ 
tions—namely, placing in acid to form a membrane, then in hypertonic 
seawater for a time, and lastly returning to normal sea water—follow¬ 
ing which segmentation and development took place to form a normal 
larva. It seems that the spermatozoon contains the centrosomc, which 
is absent in the egg, the ccntrosome being vital in the process of divi¬ 
sion. The conditions to which the egg of the sea urchin was subjected 
apparently created a state in the egg very similar to that created by 
the spermatozoon, at least to the extent that cleavage was initiated. 

Placenta. The new organism during its intra-uterine life is de¬ 
pendent upon the mother for its nutritive material and for the re¬ 
moval of waste products. Thus it might be said to be parasitic upon 
the mother. There is an early differentiation of cells into embryonic 


890 


PHYSIOLOGY OF DOMESTIC ANIMALS 


and cxtiaembryonic groups; cells of the latter group constitute the tro- 
phoblast and develop into the primitive chorion, which carries nutritive 
material to the embryo until the development of the fetal membranes 


can be accomplished. The amnion now develops and surrounds the 
embryo, creating the amniotic cavity, which becomes filled with the 
amniotic fluid, lhe allantois develops from the hind gut and produces 
a ca\ ity that is connected with the urinary bladder by a tube known 
as the uiachus. I he allantois carries with it blood vessels, which vas- 
culaiize the chorion in all animals except primates. These outer layers 
ol the letal membranes are in intimate relation with the endometrium 
and are then known as the fetal placenta. While these structures are 
being built up by the developing organism, certain preparatory changes 
have to take place on the part of the maternal organs before nutritive 
exchanges can be established. It has already been stated that during 


estrus there is marked congestion and edema of the endometrium as 
well as vacuolar degeneration of the surface epithelium. Following the 
estrous period there is a marked thickening of the endometrium and 
development of the uterine glands. In pregnancy the endometrium is 
further modified to admit the attachment of the fetal placenta and it 
is then known as the maternal placenta. Two things are necessary be¬ 
fore the endometrium will develop a maternal placenta: (1) a chemical 
(hormonal) sensitization of the endometrium and (2) an irritant 
(probably mechanical) applied to the endometrium, which is supplied 
by the fertilized ovum. W. M. Allen has isolated from the corpus 
luteum the hormone causing the sensitization. It has been termed 
progesterone. Loeb scarified the endometrium of the guinea pig and 
found that during the period of development of the corpora lutea 
(luteal phase) there developed tumorlike growths resembling maternal 
placenta (deciduomata). If the corpora lutea were removed, deciduo- 
mata failed to develop. Since Loeb’s classical experiments, similar 
ones have been reported on other species of animals with practically 
the same results. 

Classification of the Placenta. Placental classification is a difficult 
and somewhat controversial topic, and several schemes have been 
suggested from time to time. Among these have been methods based 
upon the shape of the placenta and upon the extent to which the 
maternal and fetal structures are shed after birth has taken place. 
Neither of these methods has a close relationship to zoological posi 
tion; lienee they must be regarded as more or less artificial. Since 
nutritive material for the fetus must traverse the placenta, it is logica 
to inquire what type of barrier to a free transfer of blood constituen 
is interposed by this structure between the maternal and fetal circa a 



« 


FEMALE GENERATIVE ORGANS 891 

tions. Accordingly in recent years a classification has been developed 
that takes this into account, and it fits the usual zoological classifica¬ 
tion of mammals far better than did the former ones. 

If the fetal membranes are simply in apposition to the maternal 
uterus, the fetal and maternal bloods are separated by six layers. 
These are the fetal capillary endothelium, connective tissue, allanto- 
chorionic epithelium (trophoblast), uterine epithelium, connective tis¬ 
sue, and uterine capillary endothelium. This is the type of placentation 
that is found in the pig, horse, and donkey. It is a diffuse type, prob¬ 
ably because its relative inefficiency requires the apposition of as large 
a surface as possible. This type of placentation is called the epithelio¬ 
chorial type. In the next type the number of intervening tissues is re¬ 
duced by one. The uterine capillaries end in sinusoid spaces within the 
connective tissue. This type, the syndesmochorial, with five tissues, is 
found in the sheep, goat, and cow, and the placental tissue has become 
concentrated into a number of restricted areas, the cotyledons. In the 
next type, the endotheliochorial, maternal connective tissue has disap¬ 
peared, leaving four tissues only. This type is characteristic of the 
Carnivora: the cat, dog, fox, and mink. The fourth type, the hemo¬ 
chorial, has no maternal barrier at all; the maternal blood bathes the 
fetal trophoblast. Only three barriers remain in this type, which is found 
in the primates, monkeys and man. A still further step is found in the 
hcmoendothelial type, in which trophoblast and fetal connective tissues 
no longer intervene; the maternal blood surrounds the fetal capillaries. 
This type is found in the higher rodents and the lagomorphs, that is, 
the guinea pig, rat, and rabbit. 

When placental attachment first takes place, it is of the simplest, 
the epitheliochorial type, in all mammals. As pregnancy continues, the 
intervening barriers begin to disappear until the final type character¬ 
istic of the species is reached. A consequence is that the type is not 
uniform throughout the placental region early in pregnancy. All the 
earlier types can be found (Mossman). 

Nutrition of the Embryo. The mammalian egg contains but a 
relatively small amount of nutritive material. This is probably all 
used up in the early cleavages, so that this growing mass of cells soon 
has to look to the exterior for its nutriment. The ovum is thought to be 
nourished for a short time by contents of the uterine cavity commonly 
called uterine milk. This uterine fluid plays an important role in ungu¬ 
lates and more particularly in ruminants. It is derived from the secre¬ 
tion of the uterine glands and from a transudate of the surface epithe¬ 
lium, particularly lymph from the edematous mucous membrane. It 
contains leukocytes, red blood corpuscles and their derivatives, fat 
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droplets, glycogen, inorganic salts, degenerative epithelial and connec¬ 
tive tissue elements, and blood constituents found in the extruded 
lymph. Certain of these elements have been shown to be taken up by 
the trophoblast of the embryo. This is particularly true of the red 
blood cells. Their hemoglobin is broken up into iron-containing and 
iron-free parts, the fetus making use of the former. In the pig tropho¬ 
blastic cells arrange themselves around the crypts of the uterine glands 
and absorb the secretion of the glands, transmitting it to the fetal 
circulation. This same process is thought to take place in other species 
of ungulates, particularly sheep and cattle, but it is discontinued in 
late pregnancy, whereas in the pig it continues over the greater portion 
of, if not throughout, pregnancy. The chorion is applied to the endo¬ 
metrium from the tenth to the fifteenth day in the pig, but the allantois 
docs not begin to line the inner surface of the chorion until the third 
week. In the sheep mucosal attachment of the fetal placenta is said 
to be accomplished by the thirtieth day. Attachment in the cow is at 
about the thirtieth to thirty-fifth day of pregnancy. Implantation in 
the mare is imperfectly known; permanent implantation probably 
occurs between the fortieth and seventieth days, although before this 
time a yolk-sac placenta exists. In the dog villi of the ectodermal layer 
of the embrvo are said to become attached to the endometrium about 
the twentieth day, and in the cat about the twelfth day. 

The fetus builds up a circulatory system of its own, which, in the 
placental region, is separated from the maternal circulation only by a 
very thin layer of tissue—in some species only by the endothelium of 
the capillaries. It is through these cells that respiration must take 
place as well as the interchange of other nutrient materials and wastes. 
To what extent the interchange is secretory or physical is not entirely 
known. The fetal blood differs but little in its composition from 1 10 
maternal; hence diffusible materials may well be thought to be ex 
changed by diffusion, filtration, and osmosis. This may particular y 
be the case with sugar and salts from the mother to the fetus and 
nitrogenous waste materials, as urea, uric acid, creatine, and creatinine, 

from the fetus to the mother. _ . 

The placenta is an effective barrier against the admission to 1 

fetus of proteins or foreign bodies which might cause harm. It pro 
also protects the developing embryo against hormones circulating m 
maternal blood stream which (as in the case of sex hormones m g 

influence its development. < . j n 

Fetal Respiration. The blood in the umbilical arteries is ven 

nature, carrying with it carbon dioxide and other products o me 
'ism. These arc exchanged across the placenta for oxygen, suga 
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other substances needed for fetal growth, so that the umbilical vein 
returning to the fetus carries oxygenated blood. The embryo makes its 
own erythrocytes. 

The Amniotic and Allantoic Fluids. The liquor amnii is found 
surrounding the fetus and within the amnion. It furnishes a water 
cushion around the fetus for protection, allows freer fetal movements, 
and prevents intra-abdominal pressures from molding the developing 
organism. At the time of parturition the amnion pushes into the cervix, 
thus serving as a dilating wedge. The amniotic fluid is slightly alka¬ 
line in reaction; it is mostly water but also contains protein, sugar, 
fat, and inorganic salts. The presence of urea and creatinine in the fluid 
suggests the excretion of urine from the fetus. Since the urachus con¬ 
nects the allantoic cavity with the urinary bladder, the allantoic fluid 
may be considered largely as excretory matter from the fetus. It con¬ 
tains sugar, mucin, inorganic salts, and certain other products that 
indicate urinary origin. 

Pregnancy Changes in the Uterus. The uterus must undergo 
marked enlargement during pregnancy, and with this there must be a 
proportionate increase in the blood supply. The great increase in blood 
supply, particularly in the utero-ovarian and middle uterine arteries, 
is made use of clinically to diagnose pregnancy in the mare and the 
cow. The smooth muscle cells of the uterus show a marked increase in 
size (and possibly also in number as a result of connective tissue dif¬ 
ferentiation). Involution of the uterus following each succeeding preg¬ 
nancy is not complete, that is, the organs do not come back to their 
former size. Thus the organs of animals which have passed through 
several pregnancies are much larger than those of virgins. In cotyle¬ 
donary types, as the cow and ewe, when only one young develops, the 
cotyledons become much larger in the horn in which the fetus lies than 
in the opposite one. The maternal cotyledon in the ox is much heavier 
than the fetal cotyledon, but the reverse is true in the ewe. This is due 
to the fact that the cotyledon of the ewe is cup-shaped, the fetal pla¬ 
centa attaching on the inside of the cup, while in the cow there is no 
cup-shaped depression, the fetal placenta attaching over the outer 
convex surface of the cotyledon. The weight relationships between the 
fetus, uterus and membranes, and fluids during the gestation of lambs 
are given in Fig. 215. 

Parturition. Many hypotheses have been advanced to explain the 
cause of parturition. All of them, however, seem inadequate and lack 
sufficient experimental support. Some factors are certainly at work that 
bring about the termination of the pregnant state with such extreme 
regularity, but their exact nature is still a mystery. The oxytocic action 
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of the posterior lobe of the pituitary has been advanced as influencing 
parturition, but Smith, after destroying the posterior pituitary in the 
rat, claims normal pregnancy and parturition independent of its action. 
Oxytocin, of the postpituitary, has been shown to produce a more de¬ 
cided action on uterine muscle after the latter is sensitized with the 
hormone estradiol. Since estradiol is produced in constantly increasing 
quantities throughout pregnancy, the hypothesis has been advanced 
that the synergistic action of these two hormones is instrumental in 
parturition. Another probable factor is that while the corpus luteum is 
functioning uterine sensitivity to oxytocin is at a minimum. The corpus 
luteum degenerates at the time of parturition, and it is believed that 
the sensitivity of the uterine musculature to oxytocin, which is thus 
restored, becomes a factor. It is difficult, however, to see how pregnancy 
is maintained in the mare il this is the decisive factor. A nerve center 
in the lumbar portion of the spinal cord was long thought to preside 
over normal parturition, but this region of the cord has been destroyed, 
and still parturition took place. Nerve stimulation at the time of par¬ 
turition is reported to have but little effect upon the uterus. Another 
hypothesis which has been advanced is that the fetus, as a result of 
inadequate nutriment, produces a hormone which enters the maternal 
circulation and initiates parturition. Whether or not such a hormone 
exists, the failing nutriment may be a factor in parturition. Probably 
several factors culminate in bringing about parturition; it is possible 
to dispense with some of these without preventing the act. The fetus 
is expelled by powerful contractions of the uterine muscle assisted by 
contractions of the diaphragm and the abdominal muscles. After the 
mother is delivered of the young, the uterine muscle continues to con¬ 
tract, forcing out the fetal membranes (afterbirth) and checking hem¬ 
orrhage from the maternal placenta. The muscular contractions con¬ 
strict the uterus and produce a thickening of its walls, and in this 
way facilitate involution by expelling any material that may be left 
in the lumen of the organ. At the same time a resistance is placed 
against the large inflow of blood, which is now no longer needed. Ex¬ 
pulsion from the vagina is largely caused by contractions of the muscles 
of the abdominal wall. 

Ovum Transfer. In connection with work on the interaction of 
heredity and environment many attempts have been made to obtain 
eggs from one female and to transfer them to the reproductive tract 
of another, where they should undergo the usual development changes 
end proceed to normal birth. For the purpose of obtaining eggs in 
larger numbers than are usually produced at a heat period, super¬ 
ovulation technics has been developed. These consist of causing the 
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ovary to ripen more than the usual number of graafian follicles and to 
release more eggs by stimulating it with injected gonadotrophic hor¬ 
mones. The eggs thus released meet spermatozoa introduced by arti¬ 
ficial insemination, are fertilized, and are then washed out of the ovi¬ 
ducts by Hushing these organs with a small quantity of physiological 
saline solution. They are reached through a lateral or ventral incision 
in the abdominal wall, and the eggs thus obtained are introduced into 
the oviducts of the recipient by the same route. No one has yet suc¬ 
ceeded in fertilizing mammalian eggs in vitro. 

Egg transfer is more successful in the rabbit than in other species 
in which it has been attempted. Only a few attempts in the cow have 
succeeded. Chang has shown that timing is most important. Ova ob¬ 
tained one day after ovulation must be put in a recipient with a corpus 
luteum one day old, the age of the corpus luteum in the donor. Two- 
day-old ova must be associated with a two-day-old corpus luteum, and 
so on. Ova obtained within the first four days, that is, from ths ovi¬ 
duct, must be transferred to the oviduct. If they have reached the 
degree of development at which they are in the uterus, they must be 
transferred to the uterus. 


CERVIX 

The cervix may be called the valve of the tubular genital tract of 
the female, for it is the most constricted portion and it produces a 
mucous seal that occludes the connection from the uterus to the ex¬ 
terior during pregnancy and diestrum. The powerful circular muscle of 
the cervix keeps the lumen of the organ closed at all times except during 
parturition, and it causes a marked folding of the mucous membrane. 
The cervix may be distinguished externally by its heavy wall, due to the 
great thickness of the sphincter muscle, and internally by its con¬ 
stricted lumen. In domestic mammals it is lined by a single layer o 
columnar mucous-secreting epithelial cells. The cervix of the cow is 
frequently spoken of as having branched tubular or alveolar glan< s. 
In reality this is not true, as each epithelial cell of the cervical cpi 
thclium constitutes a unicellular gland. The apparent complex glam 
lar arrangement is merely a folding of the mucous membrane, " \ ,C * 
is erased by distention of the organ during parturition. This o 
also causes the epithelium at times to appear stratified. The c 
of the mucus varies with different phases of the estrous cycle ant w 
pregnancy. At estrus the mucus is greatest in amount, thin, ant } 

allowing the passage of spermatozoa; it thickens during nu c. 
and becomes less in quantity and thick at diestrum. If pregnancy su^^ 
venes, the cervical mucus becomes very thick and rubbcrlike, e 
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sealing the canal. The glands, however, are not at rest after the seal 
is formed. Because of their activity the seal is probably replaced sev¬ 
eral times before parturition. This is particularly true in the cow, in 
which great strings of mucus are periodically dropped from the vulva 
throughout pregnancy. Some of this mucus, however, is secreted in 
the vagina. Interference with the cervical seal during pregnancy is likely 
to cause trouble. Aitken found in the mare that interference in any way 
was likely to result in abortion a few weeks later. The cow is not so 
sensitive in this respect as the mare. Cases are on record which show 
that the cervical seal may be broken and pregnancy continue. Mares 
have given birth to two living foals ten to twelve days apart, and cows 
have given birth to two living calves at a much greater interval. Mc¬ 
Nutt has observed a cow that aborted one fetus after five months of 

pregnancy, but carried another to term and delivered a vigorous, active 
calf. 

The cervix of the mare is about three inches long and is never firmly 
closed in the nonpregnant state, but allows one or two fingers to pass 
into the canal. In the cow the cervix is about four inches long and very 
firmly closed. The canal is somewhat spiral, and if sectioned longi¬ 
tudinally it appears to be thrown into four or five deep folds which 
alternate with one another. If these primary folds are examined micro¬ 
scopically, they will be found to contain secondary’ and tertiary fold¬ 
ings of the mucous membrane. 1 At estrus the cervix is slightly re¬ 
laxed, allowing an inner fold to protrude through the external os. This 
protruding fold is highly congested and appears reddish in contrast 
with the whitish character of the cervix and anterior part of the vagina. 
The cervix of the sow is relatively long and not entirely closed during 
the estrous cycle. The canal presents prominent transverse folds that 
continue for some distance into the vagina, making it difficult to distin¬ 
guish the exact union of vagina and cervix. In the bitch the cervix is 
about a half-inch in length, not firmly closed, and projects into the va¬ 
gina, forming a distinct point of demarcation between the two. The mu¬ 
cous membrane in the bitch is longitudinally folded. 

VAGINA 

The vagina is the portion of the tubular genital tract extending 
from the cervix to the urogenital sinus or vestibule. It is a highly 
elastic organ limited only in its expansion by the walls of the pelvic 
cavity, in which it lies. When one examines the vagina in the mare or 

‘ Tliia marked folding of tho mucous membrane together with Uiu copious mucous sccrc 

Hon that accompanies cervicitis makes this condition very difficult to treat by means of local 
Application. 
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Fig. 21G.—Changes in the vaginal epithelium of the cow. Upper cj , 8 . 
near cervix, two days postestrum. Note height of mucous cells. Lower 

section near cervix, twelve days postestrum. Mucous cells arc col apse . ^ 

left, section near vestibule, two days postestrum. Note mucous ce s in ucoua 
layer. Lower right, section near vestibule, twelve days postestrum. e .. erns 0 J 
cells are flattened and the epithelium is growing. (From Asde , 0 

Mammalian Reproduction, Comstock Publishing Company. Inc.) 
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cow, it frequently “balloons,” or fills with air, expanding to the limits 
of space within the bony pelvis. The vagina serves as a birth canal at 
the time of parturition and admits the male organ in copulation. It is 
about eight to ten inches long in the mare and the cow; four to five in 
the ewe and sow; and three to six inches in the dog, depending upon 
the size and breed. The highly elastic character of the vagina makes 
it difficult to state the dimensions of the organ. The vagina is con¬ 
stricted at the junction with the urogenital sinus or vestibule. The 
cow is peculiar in that, in addition to this posterior sphincter, it also 


Fia. 217.—Photograph 
of the vaginal epithe¬ 
lium of the bitch at 
anestrum. The epithe¬ 
lium is low, tending 
toward a simple co¬ 
lumnar type. (Repro¬ 
duced, by permission, 
from Evans and Cole, 
The Oes Irons Cycle in 
the Dog, Memoirs of 
the University of Cali¬ 
fornia, 9, no. 2.) 


has a constriction or anterior sphincter just back of the external os. 
The anterior sphincter has a circular opening and is more marked in 
young animals, particularly virgin heifers. In the virgin it is frequently 
so pronounced as almost to defy the passage of a speculum to examine 
the cervix. The vagina of the bitch narrows anteriorly; the large poste¬ 
rior part receives the bulbus glandis of the penis at coitus. Longitudinal 

folds extend the full length of the organ and are particularly marked in 
older animals. 

The epithelial lining of the vagina is a true transitional type. It 
varies from a many-layered stratified squamous type at the time of 
heat (highly cornified in the rat, mouse, guinea pig, and dog) to a mem¬ 
brane consisting of only two or three layers of cells or, in some cases, 
even simple columnar cells in diestrum. This decrease in layers takes 
place by a desquamation of the surface cells. (See Figs. 216, 217, and 
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Fia. 218.—Photograph of 
the vaginal epithelium of 
the bitch at the beginning 
of proestruin to show the 
thickening and comifica- 
tion of the surface layers. 
(Reproduced, by permis¬ 
sion, from Evans and 
Cole, The Ocstrous Cycle 
in the Dog, Memoirs of 
the University of Cali¬ 
fornia, 9, no. 2.) 


HORMONAL RELATIONS OF THE REPRODUCTIVE SYSTEM 

Several hormones concerned in reproduction have now been isolated 
and, in some cases, synthesized. These developments have led to a much 
clearer understanding of t lie mechanisms involved, but there aie sti 
gaps in our knowledge. It was indicated in the section on the anterior 
pituitary (p. 860) that three hormones are secreted by that giant 
which control the ovary and its production of hormones. The latter, in 
turn, control the reactions of the tubular genitalia, prepaiing them 

the tasks which they perform. l • h to 

The ovary secretes a number of hormones, the first of " 1,c \u e 

appear is estradiol. This is found in, and was first isolated from, 
liquor folliculi of the graafian follicle. It i9 a steroid similar in ^ 
structure to the hormones of the adrenal cortex. In addition, ®® ^ 
modifications of this hormone arc also found in the body. Two o 
estrone and estriol, are probably secreted into the graafian o ^ » g 
they are found in the urine when their concentration ini tie trone 
high. Estradiol is not excreted as such but is first converter m o 
and estriol. All these hormones have similar physiologica P ^ 
and are spoken of under the collective name estrogen. Injcc c 
body, they produce the psychic symptoms of heat or sexua rcc 
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cause the vaginal epithelium to grow and cornify, increase the capillary 
supply to the endometrium with resulting edema, cause the uterine 
muscle cells to grow and become sensitive to stimuli, and increase the 
sensitivity of the muscle of the oviduct. The reactions are obviously 
those of proestrum and estrus—periods in which the follicles grow and 
secrete these hormones. The site of their production is not yet settled; 
the granulosa cells have usually been regarded as the point of origin, 

but recent work indicates that the cells of the theca interna are in¬ 
volved. 

Progesterone , also a steroid, secreted by the hypertrophied cells of 
the corpus lutcum, inhibits the action of estrogens. It also causes de¬ 
velopment of the glands of the uterine mucous membrane and sensi¬ 
tizes the endometrium so that implantation and effective nutrition of 
the embryo are possible. These are the reactions observed in the normal 
female in diestrum, pseudopregnancy, and pregnancy. Removal of the 
corpus luteuin in diestrum causes the return of heat within a few days, 
while its removal early in pregnancy almost invariably causes abortion. 
Both of these effects may be prevented by the injection of progesterone. 

The formulas of estradiol and progesterone follow. 

CH 3 

OH C=0 



A third hormone, relaxin, is secreted by the corpus luteum, but it 
has not yet been isolated in a pure state and its chemical structure is 
unknown. This hormone causes the relaxation of the pelvic ligament 
and partial decalcification of the pelvic bones so that the birth canal 

may be enlarged at the end of pregnancy to facilitate the passage of 
the uterine contents (Hisaw). 

It is now possible to put these facts together to form an idea of the 
manner in which the female reproductive mechanism works. At birth, 
or soon afterward, the ovaries contain many ova surrounded by granu- 
osa cells. Gradually the anterior pituitary secretes the follicle-stimu¬ 
li! 16 hormone (F.S.H.) in increasing quantities. This causes the mul- 
iplication of granulosa cells and enlargement of the follicle. Eventually 
some follicles become so large that enough estrogen is secreted to cause 
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full growth of the tubular genitalia, development of the female second¬ 
ary characters, and the onset of heat. The final growth of the follicles 
is so rapid that the proestrous and estrous changes in the vagina and 
uterus happen in a very few days. In some species it has been found 
that psychic heat, or sexual receptivity, can be evoked more readily if a 
very minute amount of progesterone is injected with estrogen. It is now 
believed that a little progesterone is secreted by the follicle before it 
ruptures and before the corpus luteum forms. According to the general 
view, which has been worked out in the rat, the estrogen secreted by 
the follicle now reacts upon the anterior pituitary causing a reduction 
in the secretion of F.S.H. and stimulating that of the luteinizing hor¬ 
mone (L.H.). However, evidence obtained from the cow, in wdiich the 
course of follicle growth can be followed by palpation of the ovary 
through the rectal wall, indicates that estrogen does not cause a cessa¬ 
tion of F.S.H. secretion, nor does it stimulate the secretion of L.H. 
It is much more probable that the small amount of progesterone se¬ 
creted as the follicle matures causes the anterior pituitary to release 
L.H. and to cease secreting F.S.H. Whichever way the reactions pro¬ 
ceed, the result is the same. 

These two hormones, acting together, cause the follicle to rupture, 
with the liberation of the ovum. The resulting cessation of estrogen 
secretion causes heat to cease so that ovulation is closely associated 
with the end of heat in most species. L.H. then stimulates the hyper¬ 
trophy of the granulosa cells of the follicle and formation of the corpus 
luteum. The anterior pituitary now secretes prolactin, which stimulates 
progesterone formation by the corpus luteum, thus bringing the uteius 
into the condition necessary for implantation and the nutrition of the 
ovum. If this has not been fertilized, it degenerates and is not im 
planted, and the corpus luteum, after a length of life characteristic 
for the species, ceases to function. The anterior pituitary is then 
temporarily released from ovarian control and is able to renew ie 

cycle by again secreting F.S.H. . 

If the female becomes pregnant, the placenta secretes large quan i 

tics of estrogens, which cause the anterior pituitary to secrete pro ac < 
under the influence of which the life of the corpus luteum is pro or ^R ^ 
Secretion of progesterone by this organ prevents the estrogens 
bringing the female into heat and prevents the uterine muse e . 
becoming sensitive. Eventually the corpus luteum degenerates. 0 ^ 

to factors which are not yet understood but which are pro >a i y 
nectcd with placental failure. The uterine muscle then becomes s 
five, contractions follow', and birth takes place. These relations ip 
shown in Fig. 219. 
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There are some general interrelationships which emphasize the im¬ 
portance of the control exerted by the anterior pituitary. Thus the 
horse has the highest content of F.S.H., then the pig, next the sheep, 
and the cow least of all the domestic animals. The length of the heat 
period follows the same order, and the amount of estrogens required 
to induce heat in the ovariectomized female descends in the same order, 
except for the pig, for which data are lacking. Similarly estrogen ex¬ 
cretion in the urine follows the same descending order. There is also 
some evidence that the length of life of the corpus luteum is related 
to the prolactin content of the anterior pituitary. 
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Fia. 219.—Relationships of pituitary and ovary and points 
at which other factors exert their influence. 


Seasonal Reproduction. The causes of seasonal reproduction are 
not fully known. Some species, for example, the horse and most fur 
animals, breed in the spring. In the nonbreeding season the anterior 
pituitary has a low hormone content. Injections of F.S.II. at this time 
stimulate the ovaries, and breeding may occur in the normal anestrous 
period. Some factor regulates the anterior pituitary. That this is ex¬ 
ternal follows from the observation that when seasonal breeders are 
transferred from the northern to the southern hemisphere they soon 
adjust to the reversal of the seasons and breed in that season to which 
nicy are accustomed. Thus horses breed about June in the United 
1 fates; transferred to South Africa they breed in December. It has 
been suggested that an increasing gradient of light each day is the 
external factor involved. It has been shown experimentally that ex¬ 
posure of spring-breeding fur animals, such as the fox, to an increasing 
r aily amount of light in the fall and winter, normally the nonbreeding 
season, causes them to breed earlier than usual. In addition, the F.S.H. 
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content of the anterior pituitary increases. The increasing light gradi¬ 
ent in some way activates this organ. 

A reverse condition characterizes fall breeders such as sheep and 
goats. Again breeding may be induced in the anestrous period by in¬ 
jecting F.S.II. By reducing the amount of light to which the females 
are exposed in the summer the onset of the breeding season has been 
hastened in some instances, but the results have not been as successful 
as the reverse treatment in spring breeders. Enough has been done, 
however, to show that the theory is correct and that the anterior pitui¬ 
tary is sensitive to changes in the amount of light in seasonal breeding 
females. 

In sheep, however, the amount of gonadotrophic hormone in the 
anterior pituitary does not change during the anestrous season, so that 
one must assume that differences in the rate of release of the hormones 
are involved in the regulatory mechanism. 

Neurogenic Factors. It is obvious from the existence of species, 
such as the cat, rabbit and mink, requiring the psychic stimulus of 
copulation to cause ovulation, that secretion by the anterior pituitary 
is to some extent under the control of the central nervous system. 


That this view is correct is shown by the work of Everett and Sawyer, 
who have been able to block the ovulatory reaction by injecting 
atropine, a parasympathetic inhibitor. This method is effective not 
only in the induced ovulators but in spontaneous ovulators, of which 
the cow is a good example. Since, if luteinizing hormone is injected 
along with the atropine, ovulation proceeds as usual, it follows that 
atropine interferes with the normal secretion of this hormone. It is 
believed that a nerve pathway to the anterior pituitary is blocked m 
the region of the hypothalamus. In the induced ovulators this pat 1 
is activated by a nervous reaction associated with coitus. Proba y 
this is central in origin. In the spontaneous ovulators the stimu us 
occurs without coitus, possibly under the influence of progesterone, 
but it still traverses a nerve path that can be blocked bv appropriate 
methods. If progesterone is injected in the cow early in heat aiu 
the amount is kept sufficiently small, in the region of . r > to 10 mc^* 
ovulation is hastened fllnnsel and Trimbcrger). Evidently score 
of L IT. is accelerated under these conditions. There is also some ^ 
donee that ovulation may be hastened by the act of coition m 


spontaneously ovulating species. j g 

Pregnancy Gonadotrophins. In the human female a mi 1 j n _ 

found in the urine du ring pregnancy which has the properties o ^ 

izing hormone. Its origin is in the placenta, and it is 
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chorionic gonadotrophin (prolan or P.U.). It lias not been found in 
the urine of any other species, except for a short time during pregnancy 
in the chimpanzee and the rhesus monkey. Since it can be detected by 
observing its effects upon the ovaries of immature female rats and rab¬ 
bits in heat, when urine containing it is injected, it forms the basis of a 
useful method of pregnancy diagnosis. In the mare from about 50 to 
145 days of pregnancy a gonadotrophic hormone is found in the blood 
but not in the urine. This substance, also produced in the placenta and 
named equine gonadotrophin, is mainly follicle-stimulating in its ac¬ 
tion. It forms the basis of a good means of pregnancy diagnosis during 
the time in which it is secreted, and it is also collected and used as a 
gonad-stimulating preparation. It is also found in the blood of the 
pregnant ass. Although these hormones are found only in a few related 
species, they are not species-specific in their activity and they exhibit 
their characteristic reactions if they are injected into any species. 

Pregnane ?/ Diagnosis. The discovery of chorionic gonadotrophins, 
the biological significance of which is unknown, lias led to their use in 
tlie diagnosis of pregnancy. This method can only be used in the mare 
and ass among domestic animals as these substances arc absent from 
the blood of other species. Blood serum from a mare to be tested is 
injected into 21 -day-old female rats, and a positive diagnosis is read 
if the ovaries increase markedly in weight within 3 to 4 days. Another 
method is to inject the serum into rabbits in heat. If ovulation follows, 
the diagnosis is positive. The test can be made only between 50 and 
145 days; at other times the gonadotrophin is not produced. 

In other species, as well as in the mare later in the gestation period, 
the only available physiological test is the detection of large quantities 
of estrogens in the urine. These may be detected by injecting an 
ethereal extract (after the ether has been evaporated off) of urine into 
spayed female rats. If the vaginal smear becomes cornified, the diag¬ 
nosis is positive. A color reaction, the Cuboni test, has also been de¬ 
veloped which may be used instead of the rat test. This test depends 
upon tlic development of fluorescence in a benzene extract of the urine 
when it is treated with concentrated sulfuric acid. These reactions may 
he applied at any time after about 90 days in the mare and cow. In 
the pig they may be applied from the twentieth to the thirty-second 
day; after this they are not given until the seventy-fifth day, when 
estrogens again appear in the urine. The cause of this gap is unknown, 
but during the interval in which estrogens are absent from the urine 
they are also absent from the placenta. 

Synthetic Estrogens. A large group of compounds with relatively 
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simple formulas have been prepared which have the properties of nat¬ 
ural estrogens, though they have not been found in nature. Of these, 
diethylstilbestrol and hexestrol are the best known. They differ from 
the natural estrogens in one respect: they are not destroyed when given 
by the mouth; hence they can be incorporated in the feed. They appear 
to have very limited use in the treatment of disorders of the reproduc¬ 
tive system, but they may have some use in the induction of lactation. 

Secondary Sex Characteristics. The gonads have long been known 
to be vital for the production of the secondary sex characteristics. 

I his was first observed following the early castration of animals. In 
these cases it was observed that certain characteristics by which the 
sexes are readily distinguished failed to develop and that there was 
also failure of the normal development of the remainder of the genital 
system. The castrates of both sexes develop toward a common type, 
which is called neutral. The form of the body, the growth of hair, and 
the distribution of fat are all noticeably influenced by the sex glands. 
All unsexed animals have the same type of skeleton: a narrow pelvis 
and a disproportionate lengthening of the limbs due to the fact that 
the uni on of (he shaft and extremities of the lone bones is deferred. In 
species where only the male possesses horns, castration results in their 
failure to develop, but this is not true where the horn is a characteristic 
of both sexes. In male mammals massive bone and muscle development, 
thicker skin, more marked hair development, especially seen over the 
poll and frontal regions of the bull, and the crest of the bull and stallion 
may all be classed as secondary sex characteristics. The voice of the 
male is also deeper because of a more marked growth of the larynx; 
the female larynx remains small, resembling more tlie neutral type. 

In the female the thinner, smaller bones and the more refined features, 
together with the changes that take place in the pelvic hones, are some 
of the well-known secondary sex characteristics. If the ovaries arc re¬ 
moved from the pullet, it will develop the bright plumage of the male 
but not the greater comb development. On the other hand, the capon 
also develops the plumage of the male but possesses a very small comb. 
Neither of these birds possesses the crowing instinct. From this it must 
be concluded that the brilliant plumage found in birds is a neutrn 
characteristic and that its suppression is a secondary female sex char 
acteristic; on the other hand, large comb development and croumgare 
male characteristics. Early castration followed by successful trans 
plantation of the glands of the opposite sex has resulted in the re\crJ .1 
of the secondary sex characteristics, the animals showing the c a 
acteristics carried in the grafted transplants. The characteristic fema 
condition in poultry may be induced also by the injection of estrogen 
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hormones, and there is no doubt that estrogens are major factors in the 
development of secondary female characters. 

MAMMARY GLAND AND MILK SECRETION 

Morphologically the mammary gland is a cutaneous gland, but 
physiologically it functions in such perfect accord with the reproductive 
organs and is so vital to the normal development of offspring that it 
must be classed as an accessory gland of the reproductive system. It 
is one of the distinguishing characteristics of mammals and is devel¬ 
oped for the purpose of nourishing the newborn. It is present in both 
sexes but develops normally only in the female. Mammae are dis¬ 
tinguished according to their location as pectoral, abdominal, and in¬ 
guinal. In the sow, bitch, and cat, two rows of glands extend from the 
posterior thoracic to the inguinal region; hence these animals possess 
all three groups of glands. The glands are usually paired. In the mare, 
cow, ewe, and goat, they are confined to the inguinal region. The cow 
usually has four quarters, two on either side, each of which is ana¬ 
tomically separate and drains through a separate lactiferous sinus and 
teat. In the sheep and mare there is usually one pair of glands. In all 
these animals the collecting ducts of the secretory tubules drain into 
the lactiferous sinus, which occupies the lower portion of the gland and 
the teat. The upper part of the sinus is subdivided by numerous con¬ 
nective tissue septa, which contain strips of smooth muscle. Milk es¬ 
capes through the lactiferous ducts at the end of the teats. The duels 
are guarded by a sphincter of smooth muscle. Nerves to the inguinal 
mammae arc derived from the inguinal nerve, which is made up of 
ventral lumbar spinal branches (usually the 2nd and 3rd) and sympa¬ 
thetic fibers from the posterior mesenteric plexus. The blood supply of 
the inguinal mammae is derived from the external pudic arteries, which 
are accompanied by the inguinal nerves. Pectoral mammae are supplied 
by branches of the internal thoracic arteries. 

Development of the Mammary Gland. The mammae show’ no 
marked development until the age of puberty. More development is 
shown before puberty in commercial milk-producing animals than in 
others. ITow'evcr, all development occurring before the first pregnancy 
is largely in connective tissue and fat rather than in actual gland tissue. 
With each estrus there is a slight “budding,” or development of the 
glam! duct tissue, which again recedes in the inter-estrous period. The 
development is quite marked in animals which show’ pseudopregnancy, 
such as the dog, in w hich it approaches the pregnant level and is accom¬ 
panied bv tlie secretion of milk. Ovarian influence is responsible for the 
mammary growth described above. A slight amount of a more or less 
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serous secretion is frequently found in the newborn animal. This is 
associated with a transient development of the uterus and vagina and 
is evidently due to the passage of maternal hormones across the pla¬ 
centa. Small quantities of a watery fluid may be expressed from the 
udders of sexually mature virgin heifers. Turner reports no secretion 
from the udders of heifers spayed before puberty, but one heifer that 
was spayed before puberty and in which one ovary was successfully 
grafted into the neck muscles produced milk following estrous periods 
up to a maximum of 5.6 pounds daily. Considerable gland development 
was shown upon autopsy. 

Hammond (1927) describes gland growth in first pregnancy in the 
cow as follows: 

Up to the 4th—5th month, growth of the granular connective tissue, vascular basis, 
and alveolar duct elements of the lobules is taking place. About the fifth month 
the character of the alveolar duct epithelium begins to change, and the parts of 
the alveoli which have completed their growth in length now begin to develop in 
thickness, or rather, diameter; the cavity produced is filled with a honey-like 
secretion containing a high percentage of globulin. Removal of this secretion 
apparently initiates true glandular activity and the formation of milk; when the 
honey-like secretion is not removed the secretory activity of the gland does not 
commence, but only further growth of the alveoli occurs. 

Milk secretion can be definitely initiated several weeks before parturi¬ 
tion in the heifer by removal of the secretion in the udder. In pluripa- 
rous cows marked udder development is not seen until shortly before 
parturition. 

Hormonal Control of Lactation. Lactation has been shown to e 
largely under the influence of hormones. Vasomotor nerves undoubtedly 
play an indirect part in the secretion of milk, but secretory fibers are 
problematical. The inguinal nerves in cows, which carry the nene 
fibers to the udder, have been divided without any noticeable change 
in milk yield. Mammary glands have been transplanted to other par s 
of the body and have undergone enlargement and milk secretion o 
lowing a subsequent pregnancy. Such experiments show that mammary 
growth and lactation are under hormone control. The hormone es ra i 
brings about an initial budding and growth of the mammae in spa) 
animals and in males. Progesterone carries this duct e ^ 
further, causing the alveolar or secretory portions of the glan o ^ 

This hormone is ineffective unless it is preceded by the ac ^ 

estradiol. A third hormone, prolactin or lactogen, from t e n ”^ ges 
pituitary, is necessary for the actual secretion of milk. Secre ion ^ 
if the pituitary is removed, and it has proved difficult to rep ” 

normal function of the pituitary by an extract, probab y e ™kolism, 
influence is complex. As the mammary gland has an intense me 
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it is very susceptible to metabolic upsets such as those produced by 
the effects of hypophyscctomy upon the thyroid and the adrenal cortex. 
This may explain why crude extracts containing many pituitary fac¬ 
tors are more effective than highly purified prolactin in replacement 
therapy. 

According to Turner and his co-workers, the growth of secretory 
elements of the mammary glands is complete by midpregnancy, after 
"Inch the only growth is bv hypertrophy of the secretory cells. This 
seems doubtful, however, since in tlie lactating cow the second half of 
gestation is marked by a decline in secretion, which suggests that 
growth is occurring at this time instead of an increase of the secretory 


substances in the cells. 

Experimental work designed to investigate the relative importance 
of the various hormones involved has led to conflicting results. The 
conditions necessary for maximal mammary growth vary from species 
to species. It is clear that, besides the two ovarian hormones mentioned 
above, growth and thyrotrophic hormones from the anterior pituitary 
are involved, as may also be the adrcnocorticotrophic hormone. In 
some species, of which the goat and cow are two, it is relatively easy 
to obtain a good degree of mammary growth with a simple combina¬ 
tion of ovarian hormones. In other species, such as the rat, mixtures 
containing anterior pituitary hormones must be injected. Turner be¬ 
lieves that estrogens are not specific for mammary tissue growth but 
that they exert their effect by increasing the vascularity of the gland 
so that increased growth becomes possible. This view has considerable 
weight since inunction of estrogens through the skin overlying one 
mammary gland increased vascularity and caused growth in that gland 
but not in others in the same animal that were left untreated. 

Mammary development, therefore, is caused by a combination of 
hormones. Lactation requires an anterior pituitary hormone, prolactin, 
and the hormones of the adrenal cortex. The latter is indicated by the 
fact that lactation ceases with adrenalectomy and can be restored bv 
the injection of a specific fraction prepared from the cortex (Brownell). 
In addition, hormones which affect metabolism, notably thyroxine and 
insulin, affect the level of secretion. The posterior pituitary hormone 
oxytocin produces an immediate flow of milk, either by causing a con¬ 
traction of smooth muscle or by causing the cells to discharge milk that 
is already formed. 

Asdell and co-workers have found that in those goats with a rapid 
decline in milk secretion injections of prolactin produce a marked in¬ 
crease in milk yield, while similar injections in high producers or at 
the peak of lactation have no such effect. This suggests that these 
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extracts are ineffective where the pituitary produces enough hormone 
to allow the mammary gland to work at capacity. Azimov and Krouze, 
working in Russia with large numbers of cows, have found, on the 
other hand, that prolactin is without effect on the milk yield, while 
crude preparations cause a marked increase at any stage. This may be 
due to the presence of thyrotrophin in these crude extracts. 

Hormonal Methods of Increasing Milk Flow. In the search for 
methods of increasing the milk flow a considerable amount of work has 
been done upon the effect of estrogens, both natural and synthetic, on 
lactation. Generally speaking, the natural estrogens, although they are 
necessary for building the gland, are harmful when they are injected 
during lactation. In quantities sufficient to produce an effect they 
appear to depress the pituitary so that the balance of hormones neces¬ 
sary for secretion is upset, with a consequent decline in lactation. If 
natural or synthetic estrogens are injected (the latter may also be fed), 
the gland is built up and a copious secretion results. In the cow the 
reproductive function is deranged as a result of the injections and 
nymphomania (continuous heat) or abortion follows. These conse¬ 
quences are not found in the goat. Sterile cows have been treated in 
this manner and have produced commercial quantities of milk, but not 
all cows respond. 

Turner and his associates have experimented with the use of a syn¬ 
thetic thyroxine, or thyroprotein. This substance is cheap and easy 
to prepare, and it may be fed with the concentrate mixture. It acts 
by increasing the general metabolism, and the milk yield may be in¬ 
creased by about 20 per cent by its use. The fat percentage, which 
usually falls with an increase in milk yield, is also increased. Thyro¬ 
protein increases the heart rate and the respiration rate, and, it must 
therefore be used with caution. It is very effective over short periods 
in increasing the yield, but lactations subsequent to that in which it 


was given are poorer. 

Letting Down of Milk. It is well known that some cows let down 
their milk more easily than others, and also that fright or roug 
treatment at milking time reduces the amount of milk that can e 
drawn off. Petersen has studied this problem in detail. Letting own 
the milk, that is, the expulsion of milk from the ducts into the lacti er 
ous sinus, is controlled by smooth muscle cells in the walls of the uc • 
Erection of the teats and ease of milking is controlled by a 00 ^ 
sinus at the base of the teat, which becomes engorged at milking ,n ^ 
If the cow is frightened, she secretes adrenaline, which causes v **f oc ° 
striction, thus preventing the engorgement of the blood sinus an er 
tion. Milking therefore becomes difficult. A contented cow, on i e 0 
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hand, secretes oxytocin, which stimulates the duct musculature, thus 
letting down tlie milk. 'The secretion of oxytocin is caused l»v the 
conditioned stimuli that precede and the mechanical stimuli that ac¬ 
company milking. As the oxytocic effect is transient, a greater quantity 
of milk can he obtained by rapid milking. Cows become conditioned 
to secrete oxytocin by stimuli which usually precede the milking proc¬ 
ess, such as the presence of the milker, the inevitable sounds, wiping 
the udder, and the like. Therefore the whole milking process should 
be performed in a few minutes. Speedy milking also results in less 
pressure and wear and tear on the delicate tissues of the sinus, thus 
preventing injury which might admit infection. 

Shortly after the beginning of milking there is an increase of intra- 
inammary pressure, which rises from an initial level of about 25 to 35 
mm. Ilg. to 40 to GO mm. Ilg. This is caused by the above-described 
neurochemical reflex stimulation of the duct musculature. 

Secretion of Milk. Milk is produced by a true secretory proc¬ 
ess, as is shown by the fact that it has a different chemical composi¬ 
tion from that of the blood from which it is derived. This is particularly 
true with regard to casein, lactose, and fats. The inorganic salts are 
identical qualitatively with those of the blood. Cow’s milk is slightly 
acid in reaction (average pi I G.G). Simms reports the osmotic pressure 
of cow’s blood plasma to be 2G0 millimols per liter, while that of milk 
is 282 millimols per liter. Making allowance for the calcium caseinate 
which is not in solution, the osmotic pressure of milk becomes about 
2G0, the same as that of blood plasma, and is equal to 6.6 atmospheres 
at 37°C. The freezing point is —0.55°. Simms considers the mammary 
gland freely premcable to water. Ilis experiments also tend to show 
that the distribution of inorganic cations between blood and milk is 
determined by the proteins. Certain substances may pass unaltered 
into the milk, and many drugs and certain dyes may be eliminated from 
the body through the milk. Some foods, such as turnips and rape, give 
a very unpleasant taste and odor to the milk of cows, particularly if 
fed shortly before milking. 

No completely satisfactory explanation has yet been advanced for 
the facts that there is more fat in the last milk drawn and that quick 
milking yields more fat. Two theories have been advanced. The first 
and usual explanation is that the lighter fat rises to the top of the 
udder and is therefore drawn last. The other theory holds that fat is 
secreted separately from the rest of the milk and that it is more sus¬ 
ceptible to changes of pressure within the gland. A complete and 
rapid release of pressure facilitates fat secretion and this takes place 
'luring the milking process. Fractional milkings of the human breast 
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show similar, though less marked, changes in composition. This sug¬ 
gests that gravity is not the sole explanation. 

Most of the milk given at a single milking is present in the udder of 
the cow at the time of milking (Gaines and Sanmann, Swett, Petersen). 
This is opposed to the older view that the capacity of the udder is not 
great enough to hold the milk given at a single milking and that there¬ 
fore most of the milk must be secreted during milking. About 40 per 
cent of the milk formed is stored between milkings in the spaces (milk 
cistern and ducts) of the udder, while the rest is accommodated by the 
sti etching of the udder. Naturally there is much variation in these 
figuics with the yield of the cow and the interval between milkings. 
They may be taken as average figures for good cows just past the 
height of lactation under normal conditions. Pressure in the udder rises 
rapidly as it is stretched, but not before. This produces a back pressure 
which tends to shut off the blood supply by occlusion of the capillaries. 
It explains why more milk may be obtained by frequent milkings. 
Raising the udder pressure by injecting air, as in the old treatment for 
milk fever, reduces milk secretion for the same reason. 

Composition of Milk. For a detailed account of the chemistry of 
milk, the student is referred to books on milk (Rogers) or milk 
hygiene. Milk is a whitish or yellowish-white emulsion containing fat 
droplets in suspension. The proteins of milk are largely in a colloidal 
state and the other ingredients in true solution. The pigments of cow’s 
milk-fat are largely the plant pigments carotene and xanthophyll, 
which arc removed from the food. The greenish pigment of whey is ribo¬ 
flavin. The specific gravity of cow’s milk ranges from 1.027 to 1.034. 

The composition of milk varies greatly with species and breeds. 
Variations are also found in individual animals. These are due to a 
variety of causes such as inheritance, food, phase of the lactation 
period, time between milkings, climate, sexual excitement, and season. 

The average composition of milk is given in Table 33. It is seen 
that mare’s milk is high in sugar but low in other solids. This seems 
to be peculiar to all Equidae. 

During the first four days after parturition, the milk, or colostrum, 
contains a high proportion of globulin which has been accumulating 
in the gland during the dry period. The proportion is much lower when 
the gland has been milked out right up to parturition. The globu in 
plays an important role in the nutrition of the newborn, for Howe has 
shown that the blood of the newborn does not contain globulin. n 
early life the wall of the intestine is permeable to globulin. There ore 
when the calf is allowed to suckle, its serum globulin soon reaches 
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Tablb 33. Average Comeosition of Mii.k 



Water 

Protein 

« 

Fat 

Sugar 

Ash 

! Total 
Solids 


per cent 

per c< ut 

per cent 

per refit 

per cent 

pi r cent 

Cow. 

87. + 

3.4 

3.8 

4.9 

0.72 

12.+ 

(I oat. 

SO. 88 

3.7 

4. + 

4.0 | 

0.85 

1 3. + 

Mare. 

DO. f>8 

2.4- 

1.14 

5.8 4 

U.30 

9.4 

Ewe. 

84. 

5. 

4. + 

4. + 

0. li 

10. 

Sow. 

81 . 

0.2 

4 . 

•1.75 

1.1 

19. 


normal level, while if it is not allowed to suckle the normal level is 
reached very slowly, and the calf is usually weak and may not survive. 
This probably explains why, in the latter case, addition of egg white to 
the call’s diet is beneficial. The globulin fraction of the blood has asso¬ 
ciated with it immune bodies which are transferred to the calf, giving 
• - 

it some protection before sufficient time lias elapsed for it to build up 
an active immunity. 

The principal proteins in milk are casein, lactalbumin, and lacto- 
globulin, and the proportion among these varies greatly in the different 
species. Of these the phosphoprotein casein is found in much the great¬ 
est quantity. It is coagulated by the enzyme rennin. 

Practically the only carbohydrate in milk is lactose or milk sugar. 
This is readily converted into lactic acid by bacterial action to produce 
sour milk. The fats of milk are largely olein, palmitin, and stearin. 
Small quantities of lecithin and cholesterol are also present. Calcium 
phosphate and potassium salts arc plentiful in milk, and small quanti¬ 
ties of magnesium and sodium chlorides and a trace of iron are found. 
Traces of several other metallic elements are also reported. All vita¬ 
mins necessary to the growth of the young arc usually present in milk. 
It has been shown, however, that the amount of certain vitamins differs 
with the food supply; for example, cows fed upon dry foods during 
the winter months give a much smaller amount of vitamin A in the 

milk than those that receive succulent foods in addition to the dry 
ration. 

Cellular constituents also normally occur in milk. These consist of 
epithelial cells, epithelial cell nuclei, and leukocytes in varving num¬ 
bers. All forms of leukocytes can be seen in milk if it is stained with 
blood stains. Normal milk should probably not contain more than one- 
fourth million leukocytes to the milliliter, although a count up to one 
million is usually considered normal. 

Precursors of Milk Constituents. The metabolic pathways by 
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which the substances in milk are synthesized from blood constituents 
are still very imperfectly known. Attempts to solve the problem have 
been made by comparing the levels of certain substances in the blood 
and in the milk. If the amounts entering the mammary gland and 
caving it, together with the blood flow, are known, it should be possi¬ 
ble to draw up a balance sheet for each compound. This is difficult 
because the blood vessels entering the gland are deeply imbedded and 
most difficult of access without unduly distributing the animal. Also 
he veins leaving the gland are many, and they are not the only 
emerging paths since the abundant lymph drainage carries much fluid. 
Attempts have been made to use the perfusion method with isolated 
glands, and these have been more successful, though it is difficult to 
keep the perfused gland in good physiological condition for any length 
of time. More recently the use of synthetic blood constituents carrying 
radioactive labeled atoms have proved useful, especially in combination 
with a method in which blood or individual substances in solution are 
incubated with slices or minced mammary tissue. 

The evidence now available strongly suggests that blood glucose is 
the main source of lactose, though there is some indication that a 
glycoprotein containing mannose and galactose is involved. The origin 
of the galactose in lactose is still obscure. The gland is unable to utilize 
this sugar if it is supplied to it, and it is not normally present in blood. 
Glucose is probably the substance from which it is elaborated, with a 
passage through tlie intermediate stage of synthesis into glycogen. 

The main source of milk fat is the triglyceride fats carried in the 
blood, but some is made from glucose and some from acetate. The 
pathway through acetate is important since it accounts for the volatile 
fatty acids that give butterfat its characteristic flavor. This path seems 
to be more important in ruminants than in other mammals. The fatty 
acid chain is built up by the addition of 2-carbon groups, beginning 
with the acetate. During this process the mammary tissue utilizes 
glucose and the respiratory quotient is above unity. This synthesis 
from acetic acid in ruminants is particularly interesting since this acid 
is produced in the rumen and is absorbed from that organ directly into 
the blood. 

The milk protein, casein, is largely formed from the blood amino 
acids, but possibly not wholly so since the rate of disappearance of 
amino acids seems to be too slow to account for all the casein synthe¬ 
sized. The phosphorus in the casein molecule is derived from the inor¬ 
ganic phosphorus in the blood. 

Duration of Milk Flow. The duration of lactation in the various 
animals depends largely upon the needs of the offspring. In the cow 
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the length of the lactation period is usually about 10 months. In many 
high-producing cows this period is somewhat longer, and, indeed, it 
is frequently difficult to obtain a rest period for the animal before 
another lactation period begins. Frequent milkings increase the total 
yield of milk during a lactation period and also increase the duration 
of the lactation period. It is well known that if the milk is not with¬ 
drawn from the mammae at frequent intervals, the glands gradually 
cease functioning. Spayed cows may lactate for long periods of time 
(several years). Milk secretion declines much more rapidly in preg¬ 
nant cows after about the fifth month of pregnancy than in nonpreg¬ 
nant cows. 


SPECIAL REPRODUCTIVE PHENOMENA IN THE 

DOMESTIC ANIMALS 

The Mare. The breeding season of the mare is usually in the spring, 
from March to July, but if she is not bred at this time she may continue 
to experience estrous cycles for a variable period depending on the 
individual. The duration of estrus is variable; 2 to 11 days may be 
considered normal with an average of 6 days. The interval from the 
end of one heat to the beginning of the next is about 1G days but is 
extremely variable. Ovulation occurs from 1 to 2 days before the cessa¬ 
tion of estrus. The time of service is important since the spermatozoa 
have a fertile life of 1 to 3 days; so, in the case of mares with a long 
estrous period, service should be repeated every 3 days to make 
sure that fertile sperms are present when ovulation occurs. Experience 
has shown that early service is associated with very low fertility and 
that the chances of impregnation increase as the service time ap¬ 
proaches ovulation time. Among range horses or mountain ponies, 
where the stallion repeatedly mounts the mare, fertility is over 90 
per cent, while among hand-bred mares the average fertility is about 
50 per cent, a figure which could be improved by paying more attention 
to the time relations (Hammond). The mare usually comes in heat 
again from 4 to 14 days after parturition and remains in heat until 11 
to 20 days. This is known as the foal heat, and service at this time is 
said to be associated with greater fertility than at other times. The ex¬ 
ternal signs of heat are general irritability, frequent urination, and 

movements of the clitoris. The filly comes in heat first when about a 
year old. 

The ovary of the young filly, and also that of the young ass, is 
normal in form, but, as growth proceeds, the poles grow inward until 
the whole ovary, except for a narrow groove, becomes invested with 
connective tissue. Ovulation occurs from this groove, or ovulation 
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fossa. The follicles are remarkable because of their enormous size 
when compared to those of other domestic species. Seaborn and Aitken 
have contributed much to our knowledge of them. The follicle may 
reach a diameter of seven centimeters at the time of ovulation, and it 
contains from 50 to 80 ml. of fluid. Seaborn states that the weight of the 
ovaries varies from 25 to 172 gm., depending upon the stage of the 
cycle a variation due to the large fluctuation in follicular size. During 
metestrum the ovaries are small, containing only small follicles. As a 
new cycle approaches, several follicles advance to two, three, or even 
seven centimeters in diameter. Those that rupture do so between four 
and seven centimeters. Ovulation takes place during the latter part of 
estrus; and as a rule only one follicle ruptures, but two not uncom¬ 
monly do so. 7 lie remainder of the follicles recede rapidly after ovula¬ 
tion and soon disappear. The ovaries do not alternate at ovulation 
time, one may ovulate several times in succession. In case of double 
o\illation the follicles may both be from one ovary or one from each 
ovaiy. On rectal palpation the ovarian follicles of the mare feel tense 
and rather deep-seated but distinctly fluctuating. 1 The follicle softens 

betore rupture, and this is a better indication of pending ovulation than 
the size. 


Considerable hemorrhage into the former antrum of the follicle is 
very common, although many corpora lutea develop in which it is ab¬ 
sent. When any considerable amount of blood clot forms, it remains 
as a deep brown or almost black, central, gelatinous mass around which 
the yellow-colored corpus luteum is built. The corpus luteum never 
reaches the size of the follicle from which it came and is either round 
or elongated (pear-shaped) with a narrow neck leading to the point of 
rupture. The life of the corpus luteum and other phases of the ovarian 
cycle in the mare are shown in Fig. 220. 

The vaginal smear is not a good means of diagnosing the reproduc¬ 
tive state. Cornified cells tend to increase in numbers as the mare comes 
in heat, but a better sign is the moist and glistening vaginal mucosa at 
this time. Service is followed by an invasion of leukocytes, which dis¬ 
appear if heat continues. 

The cervix is comparatively straight and free from folds, and the 
semen is believed to penetrate for a considerable distance at service. 


* It Is evident from this description that many articles appearing in veterinary 
tura and describing cystic ovaries in n mare aro describing nothing more than norma . 
tional organs. To what extent cystic ovaries aro present in the mare Is not known. 
apparently normal mare which was embalmed for anatomy dissection, ovaries 
larger than a man's head. Cysts six or sovon Inches In diameter were found In 
yet this mare was several months pregnant. The fetus and membranes wore normal • f 
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in artificial insemination it may be introduced into the cervix for 
several centimeters. 

The duration of pregnancy is very variable, the average being about 
33G days. But the average for gestations finishing in May is about 341 
days, and the average for those finishing in July is 323 days, according 


to European figures (Wcllmann), while the difference in Great Britain 
is even greater. Thoroughbreds have a longer gestation period than 
the draft breeds. A mare carrying a mule foal has a longer pregnancy 
than if she is in foal by a horse. As a biological index of pregnancy the 
presence of equine gonadotrophins in the blood serum from the 50th to 
the 145th day may be used, and the presence of estrogens in the urine 
from the 70th day onward may also be relied upon. 



Fio. 220.—The ovarian cycle in the mare. 


The mare has considerable difficulty in carrying twins to term. In 
most twin conceptions one of the embryos dies, and, although such 
conceptions are by no means rare, twin births are uncommon. 

The mare, and probably also the ass, is peculiar in that the corpora 
lutca degenerate early in pregnancy, at about the time that chorionic 
gonadotrophin appears in the blood. This substance causes the ovaries 
to become active; new ovulations may occur, and, whether they do so 
or not, new corpora lutca appear. These remain as long as gonado¬ 
trophin is found in the blood. When it disappears, the corpora lutca 
degenerate and the ovaries are inactive for the remainder of the 
pregnancy. Also, when gonadotrophin is present, the testes or ovaries 
of the foal increase greatly in size, only to return to the normal size for 
the fetus when the hormone vanishes from the blood. The significance 

of these changes is unknown. The time relationships of these changes 
are given in Fig. 221. 

The Cow. The cow comes in heat throughout the year. The first 
heat period occurs at 4 to 8 months of age, depending on the degree 
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Table 34. The Reproductive Cycle in Domestic Animals ( continued ) 
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• 

of growth and on the breed. The interval between heats is about 21 
days, with a normal variation of 18 to 24 days. The duration of heat 
is \eiy variable, and is, on the average, about 14 hours in heifers 
and 18 hours in cows. It tends to be shorter and more difficult to detect 
in winter. The symptoms of heat are restlessness, tendency to mount 

and he mounted by other cows, and a slight swelling of the vulva with 
a flow of mucus. 



Fig. 221. —Diagram of events during gestation in the mare. (From Asdell, Patterns 
of Mammalian Reproduction, Comstock Publishing Company, Inc.) 


Ovarian follicles develop to their greatest size during the latter 
half of the cycle. One to five follicles normally develop to their maxi¬ 
mum size during heat. Ovulation takes place about 10 hours after the 
animal is out of heat, that is, on the first day of metestrum, and the 
follicles rupture when from 10 to 20 mm. in diameter. Usually only one 
of the follicles ruptures, sometimes two, and rarely three. Here again, 
as in the mare, the ovaries do not invariably alternate in function. The 
right one functions with slightly greater frequency than the left. At the 
time of ovulation or just before this, the other large follicles that do not 
rupture become atretic, lose their tension, and are quickly rcsorbe . 
Ovarian follicles in the cow usually lie near the surface. On rectal pa 
pation they are detected as raised areas, quite tense, but they fluctua e 
freely on digital palpation. If the follicle is not tense, it is atretic an 
will soon disappear, or else it is pathological. . 

Hemorrhage into the follicle following ovulation is not the ru e. 
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small amount of fluid is usually found. This is resorbed as the corpus 
luteum develops, but if an appreciable quantity of sanguineous fluid is 
formed, it is not readily resorbed, a connective tissue wall is formed 
around it, and the corpus luteum develops outside this wall, produc¬ 
ing what is known as a cystic corpus luteum. The corpus luteum under¬ 
goes quite a definite color change during its various stages of life. Dur¬ 
ing the first few days it is a light brown, gradually changing to an old 
gold and golden yellow at the height of its development. During pro- 
estrum it changes to an orange color and gradually deepens in color 
as the next cycle comes on until it is finally a bright brick-red (the 
corpus rubrum). 

The uterine epithelium reaches its greatest height during proestrum, 
when it is tall, columnar, and pseudostratified. At estrus it becomes 
vacuolated, and during metestrum it is gradually reduced in height. 
Marked congestion, edema, and leukocytic infiltration take place in the 
corium in proestrum, reaching a maximum about the third day of the 
cycle and then gradually subsiding. During proestrum and estrus the 
mucous membrane appears clear, swollen, and gelatinous because of the 
edema and congestion present. At estrus a small amount of serous 
fluid is found in the lumen. Ovulation seems to produce a circulatory 
upset, as both subserous and subepithelial hemorrhages almost invari¬ 
ably follow. The subepithelial hemorrhages break into the lumen of the 
uterus (second day of metestrum) causing the serous fluid here to 
become mixed with blood coagulum and strands of epithelial cells. This 
uterine content passes out through the cervix, causing the flow at this 
time to be tinged with blood. The cause of the metestrous bleeding 
seems to be an estrogen withdrawal phenomenon. Cole reports that the 
uterine glands develop to a marked degree during early diestrum and 
then regress. 

Mucus-secreting cells are found throughout the epithelium of the 
upper part of the vagina but are more numerous as the cervix is ap¬ 
proached. The epithelium of the vestibule is many-layered (stratified). 
It decreases in height in the vagina proper, and as the cervical end of 
the organ is reached it becomes very low (only a few cells deep), the 
surface layer of cells being mucus-secreting. The epithelium of the 
vagina and vestibule increases in thickness (layers of cells) during 
proestrum. The mucus-secreting cells, particularly in the anterior part 
of the vagina, build up during late diestrum and proestrum and add to 
the copious cervical discharge of mucus during heat. There is an exuda¬ 
tion of lymph through the highly congested corium of the vagina at the 
ime of heat, which mixes with the mucus and makes it thin and watery 
in consistency. The secretions at this time are less alkaline than during 
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other parts of the cycle; thus the cervical seal liquefies and flows away. 
Leukocytes invade the vaginal corium in great numbers at estrus and 
gradually pass through the epithelium into the lumen so that they are 
most abundant in the metestrous smear. At the junction of the vagina 
and vestibule is found a rich plexus of veins. This becomes highly con¬ 
gested at the time of heat and so imparts a reddish color to the mucous 
membrane. The color gradually darkens during metestruin and fades 
somewhat at diestrum, but there is some color in the posterior part of 
the vagina at all times of the cycle. The anterior part, when examined 
with the vaginal speculum, appears white and shining during proestrum 
because of the loaded state of the mucous cells. At heat, mucus is 
pouring over the surface, and a few injected blood vessels are seen, 
but these never impart any decided color such as is found in the 
posterior part of the vagina. During the middle of the cycle the passage 
appears rather dull and dry, and a small amount of rather heavy, both 
cohesive and adhesive mucus is found in the lumen of the vagina. If 
an attempt is made to pass a speculum, it will be accomplished with 
difficulty due to friction with the dry walls of the organ. In pregnancy 
the vaginal epithelium is low (only a few cells thick), and it is in places 
simple columnar. 

The duration of pregnancy averages about 282 days, but breed 
differences are rather great, the average varying from 278 days in Hol- 
steins to 290 days in the Brown Swiss. The bull calf is carried slightly 
longer than the heifer calf. During pregnancy the cervical seal increases 
and is almost rubberlike in consistency. Estrogens may be detected m 
the urine from the 70th day onward. If abortion takes place before the 
fifth month in the lactating cow, no increase in milk yield may be ex¬ 
pected, but if it occurs after the fifth month the yield increases. This 
increase becomes greater in proportion to the length of the interrupted 
pregnancy. The cow usually comes in heat 3 to 10 weeks after parturi¬ 
tion. The interval appears to be longer when the calf is suckled than 


when the cow is milked. 

The ovarian, endometrial, and vaginal cycles in the cow arc shown 

diagrammatically in Fig. 222. .. 

The cow has the lowest sex-hormone output and requirement o a 
the domestic animals. Injections of estradiol benzoate into ovariec o 
mized cows shows that an average daily dose of 600 rat units for ire^ 
days causes them to become sexually receptive, but, even thoug 1 
injections are continued, they remain in heat for less than a ay, ^ 
is, for the normal time. Evidently in the normal cow the thres io ^ ^ 
estrogen at which heat is reached occurs early in the growth peno 
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the follicle. The central nervous system then becomes refractory and 
the cow then goes out of heat, before the follicle has reached the stage 
of growth necessary for ovulation. Thus there is an interval of about 
10 hours between the end of heat and ovulation. In all other species 
whose behavior is known, except for certain bats, the end of heat is 
caused by the rupture of the follicle and the end of estrogen secretion. 
The large amounts of mucus produced by the cells of the vaginal epi¬ 
thelium at the time of heat is also related to the low estrogen secretion, 
since if the level is raised by injections less mucin is secreted. 



The progesterone requirement is also low. Experimental work has 
shown that the quiescent state of the uterine muscle, typical of dics- 
trum, is produced by the injection of 35 rabbit units daily. The uterine 
muscle of the cow responds to adrenaline by relaxation if it is under 
the influence of estrogens and by contraction if progesterone is active, 
a peculiarity shared by the cat and the dog. In proestrum a diphasic 
response is given, showing that both hormones are active at that time. 
The diphasic response is given in the ovariectomizcd cow if 250 rat 
units of estrogen together with I 8 V 2 rabbit units of progesterone are 
injected. These figures give some indication of the hormone levels which 
are present in proestrum. 

The chance of conception by a service early in heat is about 44 
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Per cent; this rises to 82 per cent at mid-heat and it remains near 

this level until 6 hours after heat has ended. Then it falls rapidly until 

36 hours after heat, when insemination is practically without result 
(Fig. 223). 

The Ewe. The ewe has a definite breeding season in the early fall. 
If she is unbred, it extends to the latter part of December or a little 
b('\ond, but in the Merino and Dorset Horn breeds heat periods may 


HEAT 
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v 



HOURS FROM BEGINNING OF HEAT 


Fio. 223.—The effect of the time of insemination upon the chance 
of conception in the cow. The duration of heat and the time of 
ovulation (OV) arc shown. (Data from Asdell, Patterns of fttam- 
rnalian Reproduction, Comstock Publishing Company, Inc.) 


occur at any time of the year. In the southern hemisphere the ewe 
and the mare experience the breeding seasons at the appropriate season 
of the year; but, as the seasons are reversed, animals transferred from 
the one hemisphere to the other need a period of adjustment to accus¬ 
tom themselves to the new conditions. In California breeding occurs 
rather earlier than in other parts of the United States (Cole an 
Miller). In South Africa, Quinlan and Mare have found that the date 
of breeding is much affected by nutritional factors. Lambs breed rat icr 
later than mature ewes. The average duration of heat is 35 hours an 
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the average interval I 6 V 2 days. The eggs are shed about the time the 
ewe goes out of heat. There is very little vascularization or swelling of 
the external genitalia when the ewe is in heat (Clark). From one to 
three follicles rupture at each heat period. The time of mating within 
the heat period has little effect on fertility. 

The proestrous vaginal smear contains thick mucus, leukocytes, 
and epithelial cells. The presence of mucus and an increased number 
of leukocytes differentiates it from the diestrous smear. As estrus 
develops the smear becomes more fluid, leukocytes decrease, and 
squamous epithelial cells appear. During metestrum the smear be¬ 
comes voluminous and cheesy, and it contains an abundance of 
squamous epithelial cells with but few leukocytes. Cornification is much 
more marked than in the cow (Cole and Miller). It may be noted that 
this type of smear, characteristic of estrus in many other species, ap¬ 
pears later in the sheep. The changes in the vaginal epithelium, though 
following the usual cycle, are less marked than one would expect from 
the smears. 

During proestrum and estrus the endometrium is edematous and the 
surface is composed of high columnar cells. These are also found in the 
bases of the glands during metestrum and into early diestrum. The 
glands develop considerably at this time. During anestrum marked 
regression of the endometrium and glands occurs. During the early part 
of this period, also, waves of graafian follicles grow in the ovaries but 
they do not reach ovulation point. This suggests that rhythmic impulses 
are still at work, even though the corpora lutea are not formed, but that 
the impulse, probably anterior pituitary hormone, is not sufficient to 
cause ovulation. 

The duration of gestation is about 150 days but may vary from 140 
to 100 days. Usually the early-maturing meat breeds have a shorter 
gestation than the later-maturing wool breeds. 

Cole and Miller have found it possible to bring ewes into heat and 
to breed them during anestrum by two injections of anterior pituitary 
hormone with a 16^-day interval between injections. This is the nor¬ 
mal interval between heats. But the results of these injections have not 
been uniformly successful, and there is some evidence that small grow¬ 
ing follicles must be present in the ovaries at the time the injections are 
made. This condition is fulfilled late in anestrum, and ovulations with¬ 
out heat may occur as a result of the first injection. Hammond and co¬ 
workers believe that for ovulation and heat to coincide a corpus 
luteum in a stage of decline must be present in the ovary, a condition 
which is met at the second injection. The problem needs further work 
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before the mechanism is fully understood. Attempts to bring ewes in 
heat earlier than usual by exposing them to smaller amounts of light 
duiing the summer months have succeeded in some instances. 

The Goat. The estrous cycle of the goat is essentially similar to 
that of the ewe, but the duration of estrus is about half a day longer, 
while the interval between heats is about three days longer. Gestation 

a\ erages a day more. The number of graafian follicles maturing at one 
time varies from 1 to 5. 

Only one injection of gonadotrophin late in anestrum seems to be 
necessary to bring does in heat and to cause ovulation. Exposure of 
does to smaller amounts of light than usual in late spring has led to 
much earlier breeding and pregnancy than is normally the case. 

The Sow. The sow has a long breeding season, probably extending 
over the whole year except when she is pregnant or suckling. The dura¬ 
tion of heat is from 1 to 5 days, with 2 to 3 as the average. The interval 
between heats varies from 18 to 24 days, with 21 as the average. 

Puberty is reached at 3 to 5 months of age under normal conditions of 
husbandry. 

After ovulation, which usually occurs on the second day of estrus, 
only small ovarian follicles are found. The number of small follicles 
found during metestrum and diestrum would probably average twenty 
or so in each ovary. Most of these grow gradually until proestrum to a 
diameter of 4 to 6 mm. During proestrum they increase to a diameter 
of 8 to 12 mm. As estrus is reached, there arc fifteen to forty large 
follicles in the ovaries, practically all of which rupture at ovulation 
time. McKenzie reports that the weight of the ovary varies from 3.5 
to 10 gm., being lightest following ovulation and heaviest during the 
diestrous period, when the corpora lutea are fully developed. The 
corpora lutea are pinkish when fully developed but become pale 
primrose-yellow as degeneration sets in. At this time their vascularity 
is greatly reduced, which accounts for their change in color. Hemor¬ 
rhage rarely occurs into the cavity of the ruptured follicle, but graafian 
follicles with internal hemorrhages are frequent. The ovarian cycle in 
the sow is shown diagrammatioally in Fig. 224. 

The epithelium of the uterus is simple columnar, with cilia ap¬ 
pearing in the gland crypts but not on the surface. The epithelium 
grows to a tall, columnar, and pseudostratified type at proestrum, an 
remains so for about one week of the next cycle. Vacuolar degeneration 
takes place, and the epithelium is reduced again to a low columnar 
type at diestrum. Leukocytes appear quite numerous during proestrum 
and estrus and then disappear gradually throughout the first wee o 
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the new cycle. The usual proestrous and estrous congestion of the 
corium is also characteristic of the sow, but gland development during 
metestrum has not been reported. 

The vagina contains no mucus-secreting cells, and the amount of 
mucus in the flow is decidedly less than is found in the cow. The epi¬ 
thelium of the vestibule and vagina reaches its lowest point at the end 
of metestrum. It immediately starts to build up again and reaches its 
greatest thickness at estrus. At this time leukocytic infiltration of the 
mucous membrane is marked, the leukocytes passing into the lumen and 



Fio. 224.—The ovarian cycle in the sow. (Slightly modified from Corner.) 


appearing in the discharge during late estrus and early metestrum. 
1 he epithelium never becomes truly cornified and starts desquamating 
at the time of estrus, continuing through metestrum. The greatest 
mucus discharge occurs during estrus, at which time the external 
genitalia are swollen, congested, and pinkish in color, and the mem¬ 
branes are quite moist. In late estrus and early metestrum a whitish 
discharge not infrequently collects on the vulva, often spoken of as 
whites. It consists of mucus and of cellular material, the latter of which 
includes large numbers of leukocytes. They usually appear abundantly 
in the smear in metestrum and are practically absent during estrus 
epithelial cells are found most abundantly in early metestrum but ap¬ 
pear throughout the cycle. No especial cornified stage is attained at 
any time. Erythrocytes do not appear in the smear from the sow. The 
vaginal smear in the sow does not seem to be a very satisfactory means 
of determining the various stages of the cycle. 

The duration of pregnancy is 113 days, but a variation of about 3 
uays on either side may be regarded as normal. 

The Dog. The bitch usually has two breeding seasons in the vear 
in the spring and the fall, but individuals of the smaller breeds may 
nave three. The proestrous period lasts about a week, and is char- 
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acterized by a marked swelling of the vulva and a clear sanguinary 
discharge. This period passes insensibly into the heat period proper, 
which also lasts about a week. 


Evans and Cole state that the number of medium-sized follicles 
in the dog s ovary reaches its height at the incidence of proestrum. 
They claim that the number of small and medium-sized follicles is 
greatly reduced during proestrum as a result of marked atresia. How¬ 
ever, those follicles destined to ovulate continue to develop. A remark- 
uble feature by which the dog differs from other animals studied is in 
the fact that the membrana granulosa and inner theca are thrown into 
marked folds before ovulation. Follicles may reach a size of 10 mm. 
in large dogs at the incidence of ovulation, which occurs on the first or 
second day of estrus. The number of follicles rupturing in the bitch at 
one estrous period varies with the size of the dog and with the breed. 
It may be as low as four in some of the smaller breeds and as high as 
twenty or more in the larger ones. The egg of the bitch is remarkable 
for the fact that at ovulation the first polar body has not been extruded. 
The egg is therefore not mature and cannot be fertilized for a few days, 
until the polar body is shed. 

There is a redistention of the ovarian follicle following ovulation, 
the developing corpus luteum gradually displacing the fluid. The corpus 
lutcum becomes solid toward the end of estrus or early metestrum. It 
remains fully developed for about 30 days and then shows cellular 
degeneration; it involutes slowly and can still be seen in a badly de¬ 
generated form when the next cycle begins six months later (Fig. 225). 

It is to be expected that the dog, having but two estrous cycles per 
year, would vary markedly from the polyestrous animals just described. 
Evans and Cole give the average proestrous period as 9 days; estrus, 

9 days; and metestrum, nearly 3 months. They describe as metestrum 
the combined periods which in polyestrous animals would be called 
metestrum and diestrum. The three-month period is consumed in the 
developmental and regressive uterine changes known as pseudopreg- 


nancy (progestational stage—Corner). 

Throughout anestmm, which lasts about two months, the uterine 
mucous membrane is shallow, the epithelium is low cuboidal, and t >c 
glands and their crypts are but poorly developed. At proestrum an 
continuing through the first part of estrus, there is a marked congestion 
and edema of the corium but very little change in the epithelial e c 
ments. Hemorrhages take place at proestrum, with the escape of 00 
«nto the lumen of the uterus. This blood is responsible for the sanguine 
ous nature of the proestrous discharge. On the sixth day of estrus 
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epithelium shows marked activity, the surface epithelium is higher the 
crypts become well developed, and there is a decided increase in the 
glandular development and complexity. The glandular complexity re¬ 
mains until about the twentieth day of diestrum, when involutionary 
changes set in. These continue to about the ninetieth day, when the 
organs pass into the anestrous stage. It will be noted that the develop¬ 
ment of the uterine glands is coincident with the development of the 
corpora lutea in the ovaries, no marked development of uterine glands 

taking place until the corpora have developed far enough to be con¬ 
sidered functional. 



Fio. 225.—' The ovarian, endometrial, and vaginal cycles in the bitch. 


The vaginal epithelium at anestrum consists of two or three layers 
of cuboidal or columnar cells (Fig. 217, p. 899). The epithelium grad¬ 
ually builds up until at proestrum and estrus it is a high stratified 
squamous epithelium with a superficial stratum corneurn (Fig. 218, 
p. 900). By the end of estrus the cornified layer of cells is lost through 
esquamation, and the epithelium gradually returns to a columnar 
ype at about the third week of metestrum. 

The external genitals of the bitch become markedly swollen and 
enlarged during proestrum and estrus. At the beginning of proestrum 
iere is a blood-stained fluid discharge from the vulva, which persists 
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through early estrus. The vaginal smear shows noncornified epithelial 
cells and leukocytes throughout metestrum and anestrum. At proes- 
trum erythrocytes and cornified epithelial cells are added to this picture 
and leukocytes are lost. During late proestrum and estrus only red 
blood cells and cornified epithelium constitute the smear. The approach 
of metestrum is heralded by the presence again of leukocytes and the 
gradual loss of cornified cells. 

The duration of pregnancy is about 60 days. 

The Fox. The fox in captivity has one breeding season each year, in 
February or March. This monestrous cycle seems to be essentially 
similar to that of the dog, but, as the estrous period does not last so 
long and the discharge of blood during proestrum is less, the intensity 
of the changes which occur in the tubular genitalia is probably less. 
The gestation period is shorter than in the dog, being about 52 days. 

Matings made on the first day of heat are considerably less fertile 
than are those made on the second and third days. 

The Cat. The cat is seasonally polyestrous and may experience two 
or more seasons during the year. She remains in heat for about 4 days 
at a time. Ovulation is not spontaneous but requires the stimulus of 
coitus to produce it. It occurs 26 to 27 hours after coitus. The eggs take 
5 days to reach the uterus. Gestation lasts about 63 days. After the 
49th day the corpus luteum is no longer essential for gestation. The 
vaginal and uterine reactions during the cycle are clear-cut and follow 
the usual sequence (Gros). 

The Fowl. The ovary of the fowl contains a large number of ova, 
a few of which are growing at any one time. A period of slow growth 
occurs until they are 6 mm. in diameter. Then a period of rapid grow th 
sets in at an average rate of about 4 mm. in diameter each day for 
about eight days, though it becomes less as the time of ovulation 
approaches (Warren and Conrad). The fully grown ovum is about 
4 cm. in diameter. The growth consists of an increase in the yol , 
which is deposited in concentric layers. The nucleus or germ spot lies 
on the periphery of the yolk sphere, beneath the vitelline membrane. 
The color of the yolk varies with the amount of xanthophyll in ie 

feed and may be changed at will. .. , 

Ovulation occurs by the rupture of the follicle along a strea cn e( 
the stigma. Rupture is probably due to internal pressure cause y ^ 
formation of the yolk and to prolonged tension of the muse e c 
In a laying hen it usually occurs about half an hour after an egg- 
laid, but no causal relationship is known to exist between tie ^ 
events. Ovulation is most frequent between 5 a.m. and 2 p.m. 0 co 
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luteuin is formed in the empty follicle. Passage of the egg down the 
oviduct is made possible by peristalsis, probably aided to some extent 
by ciliary action. During its passage the ovum is surrounded by four 
layers of albumen. This is mainly deposited in the magnum or ovarian 
end of the oviduct. It is secreted in very concentrated form; but as the 
egg proceeds down the oviduct, water is absorbed so that the albumen 
is diluted and the egg increased in size. The albuminous coats are sur¬ 
rounded by two “shell membranes” which are deposited as the egg 
passes through the isthmus of the oviduct. The last part of the oviduct, 
is the uterus, in which the egg acquires its shell, or coating of calcium 
carbonate. The shell is a porous coat consisting of two layers and a 
cuticle. Besides CaC0 3 the shell contains 1 per cent MgC0 3 , 1 per 
cent Ca 3 (PO<) 2 , and 4 per cent protein. The egg passes through 
the magnum and the isthmus in about 4 hours, and through the uterus 
in about 21 hours. Thence it passes through the vagina, and it is ex¬ 
pelled by eversion of the cloaca. The laying process takes but a few 
minutes. About 70 to 90 per cent of the eggs are laid small end first. 

I he shape appears to be due to the action of mechanical factors. 

The intervals between layings are usually a little more than 24 
hours, so that successive eggs are laid later each day. When a hen 
becomes due to lay an egg after the middle of the afternoon, a delay 
usually occurs until the following morning, when a new series of daily 
layings is started. The delay is caused by a temporary lengthening of 
the interval between ovulations and not by the retention of an egg 

(Warren and Scott). The age at which the first egg is laid varies with 
the breed. In Leghorns it is at about 200 days. 

The number of eggs laid each month closely follows the length-of- 
fiayhght curve throughout the year. Increase of light during the darker 
months increases the number of eggs laid. This was believed to be due 
to the greater amount of time available for feeding. However, a gradual 
increase in the duration of light is more effective than a sudden sus¬ 
tained increase, so it is now thought that the effect is caused by the 
stimulating action of light upon the anterior pituitary. Light is known 
to stimulate this gland in the duck and in some migratory birds but 
no experiments designed to test the effect of light upon the anterior 
pituitary of the fowl, or even of the anterior pituitary upon the rate of 
ovulation, have yet yielded convincing results. 

It takes 2 to 3 hours after copulation for the first spermatozoa to 
reach the ovary. Fertilization occurs immediately after the egg is shed 
if spermatozoa are present, not, as was formerly supposed, within the 
ovary. The spermatozoa retain their full fertility for 6 days after they 
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are deposited within the female, in marked contrast to the much shorter 
time in mammals. At the tenth day only 50 per cent of the eggs laid 
are fertilized, and by the 19th day only 15 per cent; though occasional 
e SS s may be fertilized up to 26 days after a single insemination. 

//ormonal Activity in the Fowl. The growth of the oviduct is under 
die influence of estrogenic hormones, just as it is in mammals, while the 
development of the ovary is under the influence of pituitary gonado- 

trophe. Why in nonpredatory birds the left ovary alone develops is 
unknown. 

Broodiness, or the instinct to sit upon the eggs and hatch them, 
is under the influence of the anterior pituitary hormone prolactin, 
which is produced by the fowl although no mammary glands are present 
upon which it may take effect. Molting is under the influence of the 
thyroid, and it may readily be induced by the injection of thyroxine 
or of thyrotrophic hormone. 

The effects of male and female hormones upon the secondary sex 
characters have already been mentioned (p. 906). Occasionally the 
functional left ovary of fowls is destroyed or damaged by tumor forma¬ 
tion or by tuberculosis. Under these conditions the rudimentary right 
gonad develops, either as a testis or as a dual organ, an ovotestis. In 
these birds male and female characters develop side by side. The large 
comb and the crowing voice of the male may be present with the special 
plumage of the female. Frequently the trend is first toward complete 
maleness, even of plumage, which indicates that estrogens are not 
being formed, but only androgens (testicular hormones). This may he 
followed by the male comb and voice with female plumage because of 
the formation of both types of hormones. The embryological basis for 
sex reversal is found in the fact that in the female two ingrowths of sex 
cords into the rudimentary gonad occur. The primary, or medullary, 
cords are testis-forming, and the secondary, or cortical, cords are ovary¬ 
forming. If the function of the cortical cords is disturbed, the medullary 
cords which have been suppressed are able to develop as testicular 
tissue and to produce their characteristic hormone. Occasionally e\cn 
spermatogenesis may take place in such a sex-reversed bird. The 
opposite change, from male to female, is exceedingly rare, and a satis¬ 
factory explanation for such a change has not yet been found. 

INTERSEXES 

Occasionally our attention is drawn to anomalies of various types 
in the sexual apparatus. In cattle these usually occur among twins. 
The freemartin, or the calf with female external genitalia, co-twin o a 
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bull, is, in 9 cases of 10, sterile. The bull calf is usually fertile. Statisti¬ 
cal analysis of the incidence of sex in twin calves strongly suggests that 
the freemartin is genetically a female. Embryological research has 
shown that there is an anastomosis of the blood vessels of the chorion 
in these twins. Normally the testis develops a little before the ovary. 

1 he gonads of the female twin are believed to be affected by the earlier- 
produced male hormone, which passes across into her circulation so that 
they develop as abortive testes, while the female tubular genitalia arc 

partly suppressed and the corresponding male structures partly develop 
(Lillie, Tandler). ^ 

Other types of intersexes are found in all classes of animals but 
most frequently in the pig, goat, and man. They may be classified into 
two mam types. The first type, which is by far the rarer, possesses 
ovary and testis or compound organs described as ovotestes. The tubu- 
ar genitalia in these animals usually consists of both male and female 
structures more or less fully developed. The external genitalia are 
usually distinctly female, but the clitoris is enlarged and prominent. 
In the second type, pseudohermaphrodites, the only gonadal tissue 
is testicular, while the accessory organs are variable. In some the ex¬ 
ternal genitalia are female, but the clitoris has enlarged under the in¬ 
fluence of the male hormone, and the tubular genitalia of both sexes 
lave usually developed. In others the tubular genitalia are male nhile 
ie penis has failed to grow to the usual extent. The sheath has failed 
o grow and often docs not unite in the midline so that the penis is 
pendent and the urethral canal may become distended during urina¬ 
tion. Sex ratio data indicated that goat pseudohermaphrodltes are 
genetic females, but in man they are genetic males. 
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Chapter XL 


MALE GENERATIVE ORGANS 


T HE age at which gametogenesis first appears and the secondary 
sex characteristics develop is somewhat later in the male than in 
the female. While complete sexual development consumes considerable 
time in both the male and female, the male is much slower in the 
completion of the sexual changes. Some males, particularly those of 
the wild species, such as deer, exhibit a definite season of sexual excite¬ 
ment known as rut. This male sexual season is also exhibited by the 
camel and elephant. Spermatogenesis occurs only during this period. 
At other seasons of the year the testicles are in an inactive condition 
and in some species are greatly reduced in size. In several animals 
that hibernate in the winter, such as the hedgehog, the testicles as well 
as the accessory sexual glands become markedly enlarged in the spring. 
There is also a remarkable increase in interstitial tissue in the testicle. 
In the common domestic mammals, however, there is no definite breed¬ 
ing season for the male. Spermatogenesis is a continuous process, and 
the male is ready for coitus at any time. 

In birds the testicles enlarge to several times their former size and 
weight during the spring and early summer, which constitute the breed¬ 
ing season. This is also true of the domestic fowl. In migratory birds 
the genital organs increase greatly in size in both sexes as the spring 
period of migration is approached. This is thought to be one of the 
primary causes of migration. When the birds are ready to migrate again 
to their winter quarters, the genitals atrophy and assume a quiescent 
state. It has recently been shown that these growth effects can be 
produced experimentally by increasing the light ration by strong elec¬ 
tric light. They are therefore probably caused by changes in the lengt 

of the day. . . 

The male generative organs consist of the main sex gland or 
the accessory sexual glands, the copulatory organ or penis, an 
conducting tubes. The accessory sexual glands include the anl |™ *! 
of the ductus deferens, seminal vesicles, prostate, and bulbo-ure ra 
glands. These are all paired glands except the prostate, which is sing 

036 
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Not all males possess all the accessory sexual glands; the number pres¬ 
ent varies with the species of mammal. The stallion, jack, and bull 
possess all the accessory glands; in the boar the ampulla of the ductus 
deferens is absent ; in the dog the seminal vesicles and bulbo-urethral 
glands arc absent; the cat lacks the seminal vesicles. The conducting 
tubes consist of the efferent testicular ducts, epididymis, ductus de¬ 
ferens, and male urethra. The testicular ducts are six to twenty-four 
in number and they soon unite, upon leaving the testicle, into one duct, 
which constitutes the origin of the epididymis. The urethra consists of 
the pelvic and extrapelvic parts, the latter being entirely incorporated 
within the penis. It is into the pelvic urethra that the sexual glands 
discharge their secretions. 

THE TESTICLE 

In most domestic mammals the testicles are located in a diverticu¬ 
lum of the abdominal cavity, the scrotum. In rodents and insectivores 
the testicles are in the abdominal cavity except during the breeding 
season, when they descend to the scrotum. In some of the lower orders 
of mammals there is no scrotum, the testicles remaining in the ab¬ 
dominal cavity. In birds they assume a position in the dorsal part of 
the body cavity. 

The testicle is covered by peritoneum under which is a dense 
fibrous capsule, the tunica albuginea. Fine trabeculae are given off from 
this into the substance of the gland and form a central connective 
tissue core, the mediastinum testis. No mediastinum, however, is found 
in Equidae. The glandular elements consist of the convoluted semi¬ 
niferous tubules, which form the spermatozoa. Between these tubules 
are found islets of epithelioid connective tissue cells, the interstitial 
tissue of the testicle. The seminiferous tubules form a rete testis in 
the mediastinum, when this is present, and from this network emerge 
the efferent testicular ducts. These soon converge into one tubule in 
the head of the epididymis. Blood is supplied to the testicle chiefly 
from the great spermatic artery, although the lesser spermatic and the 
artery of the epididymis may also supply some blood to it. The great 
spermatic artery is much coiled just before it reaches the testicle. In 
the boar this coil may be found to be fifty feet in length if straightened 

out. The testicle is supplied by nerves derived from the sympathetic 
system. 

The seminiferous tubule consists of several layers of epithelial cells 
"hich by multiplication and maturation produce the spermatozoa. Next 
to the basement membrane of the tubule is found a layer of cuboidal 
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cells, the spermatogonia. These multiply, and a portion of the new cells 
push inward to form the primary spermatocytes. By division of the 
primary spermatocytes, secondary spermatocytes are produced, and the 
number of chromosomes is reduced to one-half in preparation for union 
with the egg cell. This union restores the number to the normal for the 
species. The division of the secondary spermatocyte forms the sperma¬ 
tid. The spermatid elongates, and the nucleus moves to one end, form¬ 
ing the head. In this way spermatozoa are formed. The scheme of 
maturation of the sperm is seen in Fig. 212 (p. 887). The spermatozoa 
attach themselves to the free end of tall columnar cells, which are 
known as Sertoli cells. These are attached to the basement membrane 


and are thought to supply nourishment to the maturing spermatozoa 
during their development. No blood vessels enter the tubules; they are 
confined to the intertubular spaces. A fluid is produced in the testicle 
and in the epididymis; this serves as a medium in which the sperma¬ 
tozoa move and also possibly furnishes nutritive material to them. 
Spermatozoa are continuously being produced and shed by the semi¬ 
niferous tubules. The number found in the tubules is lowered following 
several successive emissions but returns to normal again after a period 
of rest. Spermatozoa possess motility as a result of the activity of the 
tail-piece. The rate of movement depends upon the temperature and 
the vitality of the spermatozoa. They are most active at body tem¬ 
perature, become inactive as the temperature is lowered, and are com¬ 
pletely destroyed by higher temperature (47°C.—Young, 1929). The 
rate of movement of spermatozoa is said to be about 3.6 mm. per 
minute at body temperature. 


Function of the Scrotum. The temperature of the scrotum is some¬ 
what lower than that of the abdominal cavity. This fact, together with 
the fact that testicles abnormally retained in the abdominal cavity 
(cryptorehid) in the adult do not produce spermatozoa, has led to the 
belief that the scrotum regulates the temperature of the testicles. The 
seminiferous tubules of testicles experimentally confined in the ab¬ 
dominal cavity of adult guinea pigs show marked degeneration. A 
spermatogenesis ceases, but the testicle becomes active again in e 
production of spermatozoa if allowed to re-enter the scrotum. T is 
tends to show that abdominal temperatures are too high for the pro uc 
tion of spermatozoa in animals possessing a scrotum. Experimen a 
work also points toward a longer life of the sperm in the epidi 
when exposed to the lower scrotal temperature than when expose 
the higher abdominal temperature. Production of the male sex hormone 
does not seem to be affected by retention of the testicle in t e a 
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dominal cavity, since in the cryptorchid the accessory organs and the 
secondary sexual characters are fully developed. 

Internal Secretions of the Testicle. In the preceding chapter it 
was shown that ovarian activity is largely governed by the anterior 
lobe of the pituitary body, and that the ovary, in turn, is largely re¬ 
sponsible for the functional state of the remainder of the female re¬ 
productive organs. A similar statement holds true for the male repro¬ 
ductive organs. Extracts or transplants of the anterior pituitary lobe 
do not cause as rapid changes in the immature male organs as is the 
case in the female; nevertheless, these changes are well marked. The 
follicle-stimulating hormone is necessary for spermatogenesis, while 
the luteinizing hormone stimulates the interstitial cells of the testis 
to secrete their hormone, testosterone. 

Male Sex Hormones. Early castration of the male results in a failure 
of the secondary male sex characteristics to develop. For a discussion 
of these characteristics, see the previous chapter. Early castration also 
results in a failure of the accessory sex glands and penis to reach the 
state of development found in the normal male. Late castration results 
in an atrophy of the accessory sex glands. In the capon the comb and 
wattles fail to develop and the crowing instinct is lost. These changes 
are due to the removal of the male sex hormone, testosterone, which is 
elaborated by the testicle. In the female the vaginal smear from the 
spayed rat, mouse, or guinea pig, showing the absence of leukocytes 
and the presence of cornified epithelial cells following hormone injec¬ 
tion, represents a very definite test for estrogens. For the male hor¬ 
mones tests such as the effect on the epithelium of the prostate and 
seminal vesicles of the castrate are now being used. Probably the most 
delicate test yet discovered is the growth response of the comb in the 
capon. The male hormone, testosterone, is a steroid similar in structure 
to progesterone. It is excreted in the urine as androsterone, a less ac¬ 
tive form. As a class hormones which stimulate the male accessorv 
organs are termed androgens. The formula which follows is that of 
testosterone: 

II 

CII 3 |_OII 





Testosterone 
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I lie action of testosterone is greatly enhanced by the presence of 
fatty acids. Bulls’ testes are a good source of the hormone, but it is 
dcmonstiated only with great difficulty in the testes of rams. Oral 
administration has been shown to be relatively ineffective; subcutane¬ 
ous or intravenous injections must be used. 

While much has been written concerning antagonism between the 
male and female sex hormones, Moore and Price present evidence which 
shows that these hormones are without effect upon each other, but 
rather that their apparent antagonism is due to their influence upon 
the pars anterior of the pituitary body. Either of them, whether in¬ 
jected into the same sex or into individuals of the opposite sex, de¬ 
presses the action of the anterior pituitaiy on the gonads. This has, 
in the case of injection into individuals of the opposite sex, led to the 
suggestion that the hormones are antagonistic, but, as this action takes 
place regardless of the sex, the inference was incorrect. Furthermore, 
when the two hormones are injected into capons, testosterone causes 
male development of the comb and wattles, wdiile estradiol causes 
development of female feathering. Each hormone acts upon its own 
specific structures. 

ACCESSORY SEXUAL ORGANS 

Epididymis. The epididymis is closely related to the testicle. It 
consists of a head, neck, and tail, which are composed of a single, 
coiled tubule starting with the union of the vasa efferentia at the head 
and continuous with the ductus deferens at the other extremity. The 
tubule is lined by a tall, ciliated, simple columnar epithelium, which is 
surrounded by connective tissue containing some smooth-muscle cells. 
The tube becomes larger in the tail and contains a better-developed 
muscle coat. The length of the ductus epididymis varies greatly m 
the different species of mammals. In the guinea pig it is 9 to 9V£ feet, 
whereas in a boar possessing large testicles it had an estimated length 
of over 500 feet. Many theories have been advanced ns to the functions 
of this long, coiled tube, but the latter still remain only partially 
known. Young (1931), using spermatozoa from the head and tail parts 
of the epididymis artificially to inseminate female guinea pigs* fo un ^ 
that sperms from the head of the epididymis were 33.3 per cent success¬ 
ful, while fnose from the tail were 68 per cent successful. A simi ar 
experiment in the fowl produced an even more striking contrast. Young 
considers that 

the time consumed by spermatozoa in passing through the epididymis is ne ^ 
sary for a completion of their development and that the changes un 
during this period represent a continuation of changes which start w i e 
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spermatozoa are still attached to the germinal epithelium, and arc not conditioned 
by some specific action of the cpididymul secretion. 


Spermatozoa that are not ejaculated, for the most part, disintegrate in 
the epididymis. 1 lie seminal constituents of the epididymis have a 
milky appearance and they consist of a fluid secretion from the testicle 
and epididymis in addition to spermatozoa. Spermatozoa are inactive 
while in the testicle, but a mild activity is noticed in spermatozoa from 
the epididymis. Spermatozoa in the epididymis remain capable of 
fertilizing ova for several days. 


Ductus Deferens. The ductus deferens is primarily a conducting 
tube for the seminal fluid from the epididymis to the pelvic urethra. 
It contains a well-developed smooth muscle coat, which is instrumental 
in the conveyance of a seminal fluid during ejaculations. Some claim 
that peristaltic movements occur; others that sudden contractions 


suffice to eject the fluid and that true peristalsis does not take place. 
The ampulla of the ductus deferens varies grcatlj’ in size in different 
species. It is absent in tbe boar, small in the dog and cat, and well 
developed in Equidae, the bull, and the ram. It is very large in the 
jack, in which it may measure 1*4 inches in diameter and 0 inches or 


more in length. It contains glands that open into the ductus deferens 
and add to the fluid portion of the semen. Sympathetic fibers from the 


second to the fourth lumbar nerves pass through the posterior mesen¬ 
teric ganglion and are distributed to the internal genital organs 
through the hypogastric nerve. Contraction of the musculature of the 
ductus deferens can be produced by stimulation of either the lumbar 
radicles or the hypogastric nerve. 


Seminal Vesicles. Seminal vesicles are not present in the dog 
and cat. They consist of true vesicular structures with glandular walls 
in Equidae and are still more developed in the bull, ram, and boar. 
In the boar they reach a remarkable size. The secretion of the seminal 
vesicles enters the urethra by paired ducts near the entrance of the 
ductus deferens. The quantity, character, and importance of the 
secretion, must, of necessity, vary with the species of animals. In 
the guinea pig and rat the secretion of the seminal vesicles is coagulated 
by coming in contact with the secretion of a portion of the prostate, 
known as the coagulating gland. This coagulum produces a plug in the 
vagina of rodents, which prevents the escape of the semen and furnishes 
ftn aid to fertilization. Removal of the prostate and seminal vesicles 
in laboratory rodents results in diminished fertility. The secretion of 
the seminal vesicles of most animals is a white or yellowish-white 
gelatinous fluid. It is said in man to consist largely of globulins. 
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Mann has shown that the secretion of the seminal vesicles con¬ 
tains a relatively high amount of citric acid and of fructose, ranging 
from about 0.1 per cent to 0.5 per cent of each in the bull’s semen. 
Glucose is almost entirely absent. The fructose appears to be the chief 
source of energy for the spermatozoa and it has been suggested that 
the fructolysis index, that is, the amount of fructose used by 10° sper¬ 
matozoa during one hour at 37°C., is a good measure of semen quality. 
1 his index actually measures the rate of metabolism of the sperma¬ 
tozoa, and, since this is related to fertilizing power to some extent, 
it is thus a fair measure of quality. The fructolysis index for the bull 
should fall between 1.4 and 2.0 mg. Since secretion of both citric acid 
and fructose depends upon the functional ability of the seminal vesicles, 
controlled by the hormone testosterone, the semen content of these 
substances has been suggested as a measure of the testosterone output 
by the interstitial cells of the testis. 

Prostate Gland. The prostate gland, to a greater or lesser degree 
depending upon the species, surrounds the pelvic urethra. In many 
species it extends along the dorsum of the urethra for some distance, 
covered by the urethral muscle. It is an unpaired gland but possesses 
two rows of openings, one on each side of the ejaculatory ducts, 
through which openings its secretion empties into the urethra. The 
prostatic secretion is an opaque liquid having a neutral reaction and 
a characteristic odor, which is, in a large measure, responsible for the 
odor of semen. Spermatozoa have long been known to become more ac¬ 
tive in the presence of prostatic secretion, but this is now thought to be 
due to the removal of carbon dioxide that lias been thrown off by the 
spermatozoa themselves. Spermatozoa are rendered inactive in an acid 
medium; thus they tend to limit their own activity by the production 
of carbon dioxide. The absorption of carbon dioxide by the prostatic 
secretion causes them to be decidedly active at the time of ejaculation. 
Secretory nerve fibers to the prostate come from the hypogastric, while 
motor fibers are received from both the hypogastric and nervi erigentes. 

Bulbo-urethral Gland. Bulbo-urethral glands are absent in the 
dog but present in other species of common domestic mammals. They 
lie on either side of the posterior part of the pelvic urethra, inclose 
by the urethral muscle, except in the boar. In this animal they rear i 
remarkable dimensions; they extend almost the entire length of t e 
pelvic floor and may reach a diameter of IV 2 inches. The ducts of t c 
bulbo-urethral glands discharge the viscous secretion of the g an s 
into the posterior part of the pelvic urethra. No specific function as 
been attributed to the secretion of these glands, though it is be ieve 
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that they may assist in clearing the urethra as a preparation for the 
passage of spermatozoa. Secretory fibers come from the pudic nerves. 

COITION AND INSEMINATION 

Erection and Ejaculation. The penis serves the double purpose 
of expelling the urine and placing the semen in the genital tract of the 
female. Before the latter function can be executed, it is necessary for 
the organ to become erect. Erection is admirably provided for by the 
presence in the penis of three erectile structures: the two corpora 
cavernosa penis and the corpus cavernosum urethrae. Stimulation of 
the ner\ i eiigcntcs results in erection, these nerves are composed of 
parasympathetic fibers derived from the sacral nerves. Their stimula¬ 
tion causes a dilatation of the vessels supplying the penis (branches of 
the anterior and posterior pudic, and the obturator arteries). The 
cavernous blood sinuses of the penis expand, and the outflow of blood 
is retarded by increasing the venous pressure, probably as a result of 
contraction of the smooth muscle of the corpora cavernosa themselves 
and the extrinsic muscles of the penis (ischiocavernosus). If the penis 
is divided and the nervi erigentes stimulated, blood will flow several 
times faster from the cut surface than if the organ is left in a quiescent 
state. The acts of erection and ejaculation are reflex acts, the centers 
being located in the lumbar portion of the spinal cord. This has been 
proved by showing that the reflex still takes place after dividing the 
cord at the thoracolumbar junction. Normally, however, the nervous 
paths involve the brain. A certain area of the cerebral cortex has been 
electrically stimulated in the dog, causing erection and emission. Erec¬ 
tion may be reflexly stimulated from the testicles, urethra, prostate, 
or the penis, particularly the glans penis. When the pudic nerve is 
sectioned, stimulation of the glans no longer results in erection and 
ejaculation. The act of ejaculation probably starts in the vasa effer- 
entia and epididymis and travels along the ductus deferens. At the 
same time the muscular walls of the accessory sexual glands are con¬ 
tracting, forcing the accessory fluids into the pelvic urethra. The 
urethra is emptied through rhythmic contraction of the urethral, 
ischiocavernosus, and bulbocavernosus muscles. 

Semen. The amount of semen ejaculated at one time varies greatly 
with the species and also with the individual. The amount increases 
after a period of sexual rest. It is much reduced in animals in con¬ 
tinuous service. The number of spermatozoa suspended in the liquid 
portion of the semen also varies greatly. Lewis found that the density 
of sperm suspension and also the amount of semen decreased following 
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daily services in the stallion but increased again a few days after the 
animal was taken out of service. In one stallion given one service per 
day for nine days, the amount of semen decreased from 65 ml. on the 
first service to 5 ml. on the ninth. After several days of sexual rest, 
60 ml. of semen were again collected from the stallion. The number 
of spermatozoa also gradually decreased from 131,750 to 5,840 per 
cu. mm. of semen from the first to the last service. In another stallion 
the spermatozoa decreased from 232,500 to 43,000 per cu. mm. after 
service once daily for eleven days. The spermatozoa showed a much 
shorter life span following continuous service. Polowzow reports that 
immature sperms appear in the semen of stallions in daily use, but 
normal sperms after a rest period of 48 hours. Lewis records the num¬ 
ber of spermatozoa in the semen of the boar as varying from 365,000 
to 600.000 per cu. mm. The amount of semen ejaculated by the dog 
may vary from 0.5 ml. to 30 ml. or more, depending upon the size and 
condition of the dog. In the ram the amount is usually small, 0.5 ml. 
to 5 ml. The stallion may ejaculate 100 ml. or even 300 ml. following 
periods of sexual rest. The boar may produce as much as 350 ml. of 
semen, while the bull usually produces 5 ml. or more. 

The number of spermatozoa in a normal ejaculation is about 
4,000,000.000, but considerable variation from this round figure may be 
expected. The number does not differ greatly from species to species; 
almost all of the differences in amount of semen are due to the bulk 
of secretion from the accessory glands. A good specimen of semen 
contains very few dead sperms when it is examined under the micro¬ 
scope just after collection, and the activity should be intense. Examina¬ 
tion should be done at a temperature of 30°C. or a little higher, and 
if the specimen is diluted this should be done with isotonic saline solu¬ 
tion. The condition of the spermatozoa is best judged by the examina¬ 
tion of stained specimens. A bead of protoplasm on the tail-piece 
denotes immaturity. Sterility, whether complete or partial, is correlate 
to a high degree with the shape of the sperm heads. Over 20 per cen^ 
of abnormal sperms is strongly presumptive of sterility. The mo 
dangerous forms are those with narrow or pear-shaped heads. 01 e 
tails are also frequently met with in samples of poor semen. . 

The physical nature of semen differs greatly in different nn,rT1 *! 
depending on the size and degree of activity of the accessory g nn 
Tt is, as a rule, a rather thick, whitish or yellowish-white, opaque 
tending to liquefy after standing. The odor is characteristic, u va 
greatly with the species. The reaction is alkaline. In those ®ni ^ 
in which an analysis of the semen has been made, the amount o 
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varies from 97.5 per cent in the dog to 90.3 per cent in man. The ash 
varies from 0.6 to 0.9 per cent; organic matter, 1.2 to 8.7 per cent; and 
lipids, 0.18 to 0.2 per cent. Protein varies from 1.25 to 2.85 per cent 
and consists of albumins, globulins, nucleoproteins, mucin, and al- 
bumoses. r l he ash contains large amounts of calcium and phosphoric 
acid. The organic matter in the semen, exclusive of the cellular ele¬ 
ments, which consist of spermatozoa and a few lymphocytes, contains 
fat globules, lipids, citric acid, fructose, and albuminous granules. If 
fresh semen is spread upon a glass slide and allowed to stand, char¬ 
acteristic crystals of spermine phosphate appear. Prostatic secretion 
is very rich in spermine phosphate, and the prostate is thought to be 
the source of its secretion in semen. The fact that it has not been found 
in the semen of the bull adds to this belief, as the prostate is very 
rudimentary in this animal. Spermine is an organic ammonium base 
and is not essential to fertilization. It is not confined to the gonads. 

as it has been found in many other organs of the body. Its function, 
if any, is unknown. 

The head of the spermatozoon is a nucleus and, like all cell nuclei, 
is made up principally of nucleoprotein. The nucleic acid component 
seems to be constant and is the same as that found in other cells, but 
the protein component varies with the species. The chemistry of sper¬ 
matozoa has been studied more carefully in fishes than in other animals 
because of the ease with which spermatozoa may be obtained in quan¬ 
tity. In the spermatozoa of many fishes protamines are the most im¬ 
portant protein constituents; the exact nature of the protamine varies 
in the different species. Protamines are strong bases and yield but few 
amino acids when broken down. In some species of fishes more complex 
proteins, histones, containing a larger number of amino acids, are found 
in the spermatozoa. 

Coition. The act of coition or coitus is of very short duration in 
the bull and ram, consuming but a few seconds of time. It is somewhat 
longer in the stallion and jack. It usually consumes several minutes 
in the boar. In the dog it consumes 15 to 30 minutes. The bulbus glandis 
°f tIlc d°g is very slow in erection. It becomes very large and dilates 
the posterior portion of the vagina, which is correspondingly large to 
receive it. At the same time the sphincter of the vagina contracts, and 
the male is unable to withdraw the penis in the erect state. 

Insemination. In the ram and the goat the processus urethrae is 
elieved by many to be for the purpose of placing the semen in the 
cervical canal. Its removal diminishes, but does not altogether destroy, 

* e fertility of the male. In the stallion the free portion of the erect 
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penis is nearly twice as long as the normal vagina of the mare. Thus 
the vagina is stretched, the large corona glandis is placed against the 
external os, and ejaculation may take place directly into the cervical 
canal. Much of the semen, probably most of it, drops back into the 
vagina and is expelled through the vulva. The penis of the bull is also 
much longer than the vagina of the cow. The cervix is sufficiently re¬ 
laxed to allow the glans penis, driven with such force as it is in the 
bull, to enter the os. Mucus and semen are commonly discharged from 
the vulva in the cow in copious quantities following service. The penis 
of the bull very commonly lacerates the wall of the vagina during 
service. This is particularly true with mature males. Small quantities 
of blood may be seen exuding from the injured surface and should not 
be mistaken for postestrous bleeding, in which instance the blood is 
from the uterus and not the vagina. In the dog ejaculation is thought 
to take place after the bulbus glandis has become enlarged and the 
organ cannot be withdrawn from the female passage. However, dogs 
have been known to inseminate females successfully in cases where the 
penis was withdrawn before enlargement of the bulbus glandis took 
place. The small twisted extremity of the penis of the boar probably 
readily enters the cervical canal of the sow during coition. Some semen 
may enter the body of the uterus in Equidae at the time of service, but 
in other species, with the possible exception of sows, semen is deposited 
either in the posterior part of the cervical canal or in the anterior part 
of the vagina around the external os. Practically all the semen is found 
in the anterior part of the vagina immediately following service. It 
must be pointed out, however, that our knowledge of the internal rela¬ 
tions of the organs during coitus is mainly conjectural. 

There is little doubt that successful coitus is accomplished on y 
when semen is placed directly in the os or else directly upon the ex¬ 
ternal os. Artificial insemination has never been sufficiently success u 
to be considered practical when the semen is placed in the vagina, 
must be introduced into the os or into the body of the uterus itscl . ® 

vaginal secretions are somewhat toxic to spermatozoa. Sperma ozoa 
from bulls of known fertility have been found to survive, that is, s ow 
activity, in normal vaginal secretions for only % to IV 2 hours, um 

spermatozoa live only about one hour in the vagina. . 

Passage of Sperm through the Female Tract . It has just ecn no 

that the sperm has little chance to survive if it does not gam ^ 
access to the uterus. Lewis records one case in which live sperma ^ 
were found in the lower third of the oviduct of a sow 7*/£ ^0 

breeding and another case in which they were present 0 fln( j 

uterus but not in the oviduct 4 hours after breeding. Ha m 
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Ball bred rats, killed the female immediately after breeding, and 
clamped off the uterus. By this experiment they determined that 
spermatozoa may reach the uterine tube in the female in less than 
one minute following service. A similar experiment by VanDemark 
in the bovine showed that spermatozoa had reached the infundibular 
portion of the oviduct within four minutes after insemination into the 
cervix. Dead spermatozoa similarly introduced were in the oviduct 


within fifteen minutes. It is not probable that spermatozoa can traverse 
the long uterus of the sow (about 4 feet) in 4 hours by their own 
movement, nor that they can do so in the rat in one minute. The 
uterus of the female is highly congested and edematous during heat, 
and the cavity contains a small amount of fluid. Muscular activity is 
at its height also at this time (see previous chapter). Direct injection 
of semen into the uterus, together with muscular action by this organ 
and by the oviducts, probably gives considerable help to the sperma¬ 
tozoa during their passage up the female tract. In most species ferti¬ 
lization of the egg takes place in the ampulla or in the upper third of 
the oviduct. 


Longevity of Germ Cells. By killing sows at varying periods after 
they had been bred and examining the genital tract for spermatozoa, 
Lewis found sperms to be abundant in the uterus shortly after breeding, 
but they tended rapidly to disappear, so that the day following only 
a few cells could be found. At first a large percentage of the cells 
showed activity. This, however, was very rapidly lost. As a rule, all 
cells were dead, that is, inactive, after 20 hours, although he records 
one case where cells were found alive 4D/2 hours after breeding. Lewis 
determined that the sow ovulates toward the end of the heat period, 
lie succeeded in breeding sows while out of heat. By doing this he 
hoped to prove whether or not the sperm could live long in the female 
tract under natural conditions. Sows were bred at all times between the 
heat periods. In no case did a sperm cell survive until the following 
heat period and fertilize the eggs of that period. Lewis concluded that 
the sperm cells could not survive more than a few hours (possibly not 
over 24, as a rule) in the genital tract of the sow and that they tended 
rapidly to disappear, but he did not determine by what means they 
were destroyed. Aitken bred a mare on the first day of heat to a stal¬ 
lion that had not seen service over twice a month. The mare was not 
bred again. She ovulated on the sixth day of heat and conceived; thus 
the sperms must have lived five days, but this is probably not the 
rule. Conditions in this experiment were ideal, as the stallion was not 

overworked. 

Hammond and Asdcll found that the sperm may remain alive in the 
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epididymis of a rabbit and be capable of fertilizing the egg for a pe¬ 
riod of 38 days. The upper portion of the epididymis was tied off to 
avoid new introduction of sperms from the testicle. On the other hand, 
(hey found that the sperm lived only 30 hours in the female tract in a 
functional condition, that is, capable of fertilizing the ovum. Sperma¬ 
tozoa have been recorded as showing activity in the female organs of 
the dog and rabbit for one week after coitus, but this does not indicate 
that they were capable of fertilizing the egg. 

Experiments carried out to date would indicate that the sperma¬ 
tozoon in domestic mammals retains its fertility but one or two days 
in the female genital tract under ordinary conditions. 

It is reported that two or more days are required after mating be¬ 
fore fertile eggs are laid by the chicken and that the eggs may be 
fertile for 15 days after the last mating; but to ensure high fertility 
hens must be mated every other day. 

W ith reference to the longevity of the egg in mammals, Hartman 
(1924) has well stated the prevailing opinion among embryologists: 
“The egg cannot wait long for the spermatozoa—these must be on hand 
when ovulation takes place. It seems probable that hours, not days, 
measure the delay that results in sterile coitus.” Lewis bred sows out 
of heat and determined that only two out of seven conceived when 
bred the day following heat. None conceived out of 24 bred at later 
dates. Since the sow ovulates in late estrus, this would indicate that 
the extreme life of the egg is not over 24 hours. Hammond and Marshall 
have found that the rabbit’s egg is capable of being fertilized only 
for 2 to 4 hours after it has been shed. Circumstantial evidence makes 
us believe that this period is not far from the truth in all domestic 
animals. But Evans and Cole have produced evidence to show that 
the ovum of the dog may be fertilized for at least 4 days after it has 
been shed. It must be remembered, however, that the dog, and also 
the fox, are quite exceptional in that the egg is not mature at the time 
it is shed. 


ARTIFICIAL INSEMINATION 

Artificial insemination is a specialized technic which has been much 
developed during recent years. Several methods have been tried or 
the collection of the semen. The first of these, an old method, is to 
collect the semen in a sponge placed in the vagina before service. 11S » 
and any other method of collection from the unprotected vagina, ias 
the disadvantage that the semen is mixed with copious vaginal secre^ 
tions which reduce the life of the sperms. Bacterial contamination i- 
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also present. In the sponge method it is most difficult to recover the 
sperms without damaging their tails. The newer methods in use are 
designed to collect specimens without these disadvantages. One such 
method is to use the sperm collector, a rubber sleeve kept in position 
by an inflated ring, with an outer protection to cover the anus and 
escutcheon. I he usual method employs the artificial vagina, a water- 
jacketed rubber sleeve which is placed on the erect penis as the male 
mounts the female. Ejaculation takes place into this apparatus held 
below or to one side of the female and the penis does not enter the 
vagina. Other methods use a dummy animal with an artificial vagina 
which is served as though the dummy were a female. There is some 
evidence that, unless allowed frequent normal copulations, the bull 
repeatedly subjected to these technics loses interest and becomes spoiled 
for reproductive purposes. Electrical stimulation of the lumbar region 
of the spinal cord of the male has also been employed to promote 
ejaculation. Semen may be collected from the rooster by massaging the 
ejaculatory ducts through the abdomen. 

When a good sample of semen has been obtained, it may be pre¬ 
served by covering the specimen with a layer of mineral oil. This 
• 0 

imprisons the C0 2 produced by metabolic activity and thus immobilizes 
the sperms. The optimum temperature for storage is about 2° to 4°C. 
Before use the semen should gradually be brought to body temperature. 
At higher temperatures the movement of the sperms is so rapid that 
they soon use up their small store of energy and die. At lower tempera¬ 
tures some unknown factor impairs their survival. According to Walton, 
at least a million spermatozoa must he used in one artificial insemina¬ 
tion to give a chance of fertilization. He has kept semen for a week- 
before its fertilizing power was entirely lost. 

The keeping qualities of semen are inversely proportional to the 
amount of the secretions from the accessory glands. Hence stallion’s 
semen and boar’s semen do not retain their fertility for more than a 
few hours. Concentration of the spermatozoa may be made by collect¬ 
ing only the richest fractions of the ejaculate or by careful centrifuging. 

The ejaculate may be diluted before preservation or before use so 
that it can be divided to inseminate a larger number of females. A 
satisfactory diluter for general use is the following which has been 
developed by Lardy and Phillips: 

100 ml. boiling distilled water 

0.2 gm. KH 2 P0 4 

2.0 gm. Na 2 HP0 4 • 12H 2 Q 
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After the solution has cooled, an equal volume of fresh hen’s egg 
yolk is added. Salisbury’s diluter consists of 4.75 gm. of sodium citrate 
and 100 ml. of distilled water in addition to egg yolk. Detailed infor¬ 
mation on the methods used in artificial insemination have been given 
by Perry. Critical methods have been evolved for the determination 
of the keeping qualities and potential fertility of the semen from bulls 
(Willett and Salisbury). 

The semen, diluted or undiluted, should not be placed in the vagina 
but within the lips of the os uteri, otherwise the insemination usually 
fails. In the mare the sample may be injected some distance, and in 
the cow a careful operator may work the insemination tube past the 
complicated series of folds in the cervix. Sterile precautions should 
be observed in all artificial insemination work. In species whose ovula¬ 
tion time lies within the heat period it is useless to inseminate after 
heat has passed, but the cow, with ovulation averaging about 10 hours 
after the end of heat, may be inseminated with a reasonable degree of 
success during the first eight hours after heat is past. (See Fig. 223, 
p. 924). 

A number of control measures have been devised for use in artificial 
insemination practice. It is important to know the number of active 
spermatozoa in an ejaculate so that the proper degree of dilution is 
not exceeded. The time-consuming method of direct counts has been 
superseded by turbidity tests in which the reduction of the amount 
of light that will pass through the semen is used as an index of the 
number of spermatozoa. Activity is measured by oxygen consumption 
—the time taken to decolorize a given amount of methylene blue. Pe¬ 
riodic examination must be made of samples to ensure that sufficient 
activity exists and that the count of abnormal spermatozoa does not 
rise too high. 

A new development in the field of artificial insemination is the 
evolution of technics that enable spermatozoa to be frozen and pre¬ 
served in this condition for a long period. The semen is slowly coo e 
and held at — 79°C., the temperature of solid carbon dioxide. In order 
that this may be done successfully glycerol must be added to t e 
diluter and careful attention must be paid to the rate of cooling, 
is hoped that use of this method of preserving semen will allow an s 
to be maintained, while a bull, used for a short period during his you 
is on the inactive list pending the receipt of proof of his transmi m 
ability. So far good reproduction has been obtained with semen pr 
served in this manner for a year. 
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Chapter XLI 


GROWTH 


P ROBLEMS relating to growth have attracted much attention dur¬ 
ing the past few years, and, in view of the economic importance 
of this branch of physiology, a short summary of the more striking 
results obtained are given. 

The fertilized ovum is about the same size in all mammals. In the 
dog it is about 0.1 mm. in diameter, in the pig 0.11 mm., in the cow 
0.12 mm., in the mare 0.13 mm., and in the ewe 0.14 mm. As the egg 
travels through the oviduct it divides but does not increase in size, so 
that the individual cells are smaller than the original egg. In the 
uterus nutritive substances are absorbed from the uterine milk secreted 
by the glands of the endometrium, and growth in size begins. Each 
cell division, that is, from the single cell to the two-cell stage, to the 
four-cell stage, and so on, takes about a day in the early stages. By 
the fourth division, species differences begin to show (Fig. 226). The 
pig, which is characterized by rapid growth, continues at a greater 
rate than the bovine and sheep. Subsequent growth continues to be 
rapid in the pig, is slower in the bovine, and is very slow in the horse 
and sheep. 

The ovum has developed all the systems, vascular, muscular, and the 
rest, during the first few weeks of pregnancy (within the first two 
months in the bovine), and, after this, growth consists largely of in¬ 
creases in length and weight; differentiation has been completed. Birth 
causes a temporary check, soon recovered from, and growth in weight 
then proceeds in an orderly way. At first the absolute increase in weigi 
is small, but each increase provides more cells which can divide so ia 
the growth curve becomes steeper. The percentage increase is fair y 
constant and is characteristic of the species. It remains so until aboji 
two-thirds of the mature weight is reached. Then the amount of 
gained in unit time decreases rapidly, but, again, the percentage 
of decrease is fairly constant and is characteristic for the species, 
consequence of the action of the two factors—constant percentage 
crease in weight and constant percentage decrease in weight gam 
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in unit time—is that the growth curve is somewhat S-shaped. If, in¬ 
stead of plotting weight against time, the logarithm of weight is 
plotted against time, the period of growth-rate increase is shown as 
a straight line subtending a large angle to the base line and the period 
of decrease as a straight line subtending a smaller angle. The point 



Fig. 226. —Relative growth of early embryos of domestic animals. (Data from 
Asdell, Journal of Gerontology, 1916, 1, 224, and Amoroso, Griffiths, and Hamilton. 
Journal of Anatomy, 1942, 76, 377.) 


of inflection of the two lines gives a point of change. This point is 
roughly the time at which puberty occurs. The two methods of plotting 
growth data are illustrated by the example for the cow in Figs. 227 
and 228. 

The shape of growth curves is such that by adjusting the weight 
and time scales in graphs the curves may be made to fit one another 
with a considerable degree of accuracy. Man is the only known excep¬ 
tion. \\ hen other species arc growing rapidly he grows relatively 
slowly and when they slow down he begins to grow more rapidly and 
delays his final slowing. This produces a long adolescent period, and 

it accounts, in some measure, for the greater response of man to 
education. 

Growth is, to a large extent, under the control of the endocrine 
glands. Thyroxine is necessary that it may occur at all, and the 
growth hormone of the anterior pituitary determines its extent, but it 
can only occur while the epiphyses of the bones are still open. As 
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different parts of the skeleton vary in their ability to respond to 
growth hormones at any given time, gradients are set up which cause 
the body proportions to vary with age. One gradient affects the axial 
skeleton and its degree of action is most intense at first in the region 
of the head, but as the age increases the degree of intensity proceeds 
toward the tail. Thus, in early embryonic life the head is enormous 
compared with the rest of the body, and it is still relatively large at 
birth. Another gradient affects the appendicular skeleton, and the 



AGE FROM BIRTH, MONTHS 

Fia. 227.—Growth curve of Holstein heifers from birth to 24 months. The 
shape would be more evident if the data began at conception. Plotted on 
arithmetic scale. (Data from Brody, Missouri Agricultural Experiment Sta xon 
Research Dull. 96, 1926.) 

impulse proceeds from the extremities toward the body. For this reason 
young animals are relatively long-legged and short-bodied. The one 
of the trunk are the last to receive the accelerations, so that their rapi 
development is reached late in the growth period. In this manner e 
length and solidity of the adult are produced. A third gradient, a e 
in its action than the other two, begins at the tail and proceeds 1 - s 

the head, decreasing in intensity as it traverses the trun . 
gradient causes the hind quarters, more valuable commercia y in 
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meat-producing animals, to increase in proportion to the rest of the 
body. Selection of beef breeds has emphasized these gradients, es¬ 
pecially the last, and has increased the response to good feeding dur¬ 
ing the latter phases of growth. 

Estrogens, produced by the ovary after puberty has been reached, 
cause rapid closing of the epiphyses. Thus growth tends to cease 
earlier in the female than in the male. The result is that the female 
is, on the average, a little smaller than the male in any species. If the 
secretion of estrogens is prevented by ovariectomy, the female grows 



Fia. 228.—The data of Fig. 227 plotted with weight on a logarithmic scale. The 
slope of the line indicates the intensity of the growth stimulus. The inflection 
occurs near the age of puberty. 


more rapidly and reaches a greater size than she would do otherwise. 
Pregnancy, by the action of progesterone in inhibiting estrogens, causes 
a resumption of growth so that an animal which has been pregnant 
usually reaches a greater size than one which has not been bred. 

Besides the skeletal-growth gradients there are others which are 
important. Bone growth is, in general, more intense in early life; then 
muscular development takes priority. Later the deposition of fat is 
the main type of growth. It is not easy to fatten an animal while bone 
or muscular growth has priority. In view of this, Hammond has sug¬ 
gested that it should be possible to vary the proportion of bone, 
muscle, and fat in the carcass by feeding lightly or heavily at the 
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appropriate time, and his experiments have borne this out. Light feed¬ 
ing in the period just before and after weaning has produced pigs with 
light bone. By increasing the feed before the usual time for fattening, 
the proportion of muscle has been increased and heavier cuts have 
been obtained as a consequence. These methods of modifying the 
carcass have been successful when the pigs were individually fed, but 

in mass feeding it would be difficult to ensure that each animal eats its 
proper ration. 

Quality in meat is a somewhat indefinite factor to evaluate. The 
size of individual muscle fibers affects quality to some extent. In 
general, the larger the fibers, the coarser is the meat. The proportion of 
muscle cells to tendinous attachments is another factor, and the amount 
of fat is a third, perhaps the most important of all. Fat is deposited 
between the muscle fasciae, and it accumulates in greatest amount 
along the courses of the larger blood vessels. It is also deposited be¬ 
tween the muscle cells, producing the desirable factor known as mar- 
bling, and also within the cells. In general, quality increases until 
there is about 40 per cent fat in the boneless cut. After this amount 
has been reached, an addition of 1 or 2 per cent causes a rapid de¬ 
terioration. The improvement of quality with fattening is easily upset 
if the animal becomes too fat. 

The order of deposition of fat follows a definite pattern. Marbling 
appears earliest in the rib and loin cuts, latest in the leg and shoulder 
cuts. The quality of the fat deposited varies with the feed. If the fat 
in the feed has a low melting point, the body and muscular fat may 
be unpleasantly fluid. Fat made in the body by feeding carbohydrate 
tends to be harder and to be more nearly the type most suitable in the 
finished carcass. 

0 • 

Efficiency of Production. The efficiency of production is an im¬ 
portant factor in determining the type of animal husbandry which 
should be followed, particularly in times of feed shortages, such as 
those which were encountered in World War II. Pigs and poultry 
were largely eliminated in some countries, since they depend m no 
small measure upon foods which can be consumed by man. Sheep 
were retained in spite of their low efficiency because they do not 
compete with man, but, instead, convert low-quality roughages wluc 
man cannot consume, into muscle and fat which are valuable to him. 
Cattle use higher-quality feeds, but because of the greater efficiency 
of the dairy cow and the great value of milk for feeding infants an 
children, the dairy cow was favored above the beef animal. Ta e 
is an indication of the relative efficiency of livestock as con\crtcrs o 
food. 
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Table 35. Efficiency of Livestock as Converters of Food 


Type of Stock 

Percentage of Feed Made Available for 

Human Consumption 


Energy 

Protein 


per cent 

per cent 

Dairy cattle. 

17.5 

30 

Beef steers. 

4-14 

3-13 

I lops. 

25 

12 

Sheep. 

10 

5 
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Appendix 


LECTURE DEMONSTRATIONS IN PHYSIOLOGY 1 


T HIS appendix is intended to give a brief account of a lecture- 
demonstration method of teaching certain areas of physiology. It is 
based in part on mimeographed notes presented to a group of physiolo¬ 
gists and other interested persons meeting at Cornell in July, 1948. At 
that time a week-long series of demonstrations was given for the group. 

The demonstrations were begun, somewhat tentatively, in the winter 
of 1942. Their value soon became evident, and by the summer of 1943 
they were well established in my teaching program. Continuous de¬ 
velopment has occurred since that time. 

Soon after the demonstrations were started, it became evident that 
students were not able to see many of them well enough. Having heard 
favorably about projection methods used in lecture demonstrations in 
elementary courses in physics at Cornell, I decided to audit these 
classes and observe the methods in use. This was done for a year, with 
the result that a number of the projection methods seen there were 
adapted to physiological demonstrations. 

The demonstrations are not designed to replace laboratory work 
They illustrate, supplement, and extend the lectures but are in no way 
a substitute for practical work done by the student. The demonstra¬ 
tions might, of course, have additional value to students who do not 
have an opportunity to take a laboratory course. 

In order to use the demonstrations as I use them, the teacher must 
be, to a considerable extent, free of the necessity of dictating formal 
lectures for the students to write down. Teachers who are unwilling 
to follow a textbook fairly closely, and who therefore have to give 
formal lectures, would encounter somewhat more difficulty with the 
demonstrations, particularly as to the number given. With any system 

of teaching, however, it should be possible to give many of the demon¬ 
strations. 

Following are possible arguments against lecture demonstrations in 


1 1 l>o photographs In this appendix were rnado by Dr L 
sittanco of It. W. Cook. 


H. Nanjjeronl, with the ns 
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physiology: (1) Because of the biological factor, the number of failures 
is too great. (2) Physiological demonstrations are too lengthy for the 
lecture room; they belong in the laboratory. (3) They are too time- 
consuming to set up. (4) They are not readily seen by large classes 
(5) They are too costly in equipment and material. (6) Too much help 
is required for their presentation. 

None of these objections are really valid. The percentage of success¬ 
ful demonstrations is very high. Many of the demonstrations are brief, 
being only a few minutes in duration. The demonstrations do take 
time to set up before class (everything should be ready when the 
students arrive), but the time factor is not at all prohibitive. Much 
of the equipment can be kept assembled in a storeroom for use from 
year to year. By simple projection methods most of the demonstrations 
that require visibility and are not readily seen otherwise can be made 
visible even to large classes. While a certain amount of equipment is 
required, much of this is already on hand in a good physiology labora¬ 
tory. The cost of living material is not very great, as many of the 
experiments are not terminal so far as the animal is concerned. Many 
of the demonstrations require no help at all, but a number of them 
require one assistant. Only on rare occasions is more than one assistant 
needed, and then only for a short time. 

Extensive surgical procedures are generally not used in the demon¬ 
strations. These are usually left for the longer, more comprehensive 
laboratory experiments. Graphic records, or tracings, are not commonly 
made during the demonstrations. This work is generally reserved for 
the laboratory experiments. 

A large number of demonstrations can be given on such topics as 
blood, heart, peripheral circulation, respiration, alimentary tract, se¬ 
cretion, muscular activity, and the nervous system. Modifications and 
improvements of many of the demonstrations described here, and ad¬ 
ditional ones, will undoubtedly occur to the teacher who undertakes 
this method of instruction. 

In the demonstrations I emphasize the physiological facts and prin¬ 
ciples illustrated and generally pass over rather lightly the technics 
used. The demonstrations are given right along with the lectures an( 
discussions, the experiments paralleling closely the readings assigne 
in the text. A number of the demonstrations have or can be given 
pharmacodynamic interest. 

Lantern slides and motion pictures arc often used in my teaching- 
However, I feel that the real thine is generally superior to any s 1 
or motion picture. 
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PROJECTION TECHNICS 

In classes of medium-to-large size it is desirable or essential to 
project many of the experiments onto a screen. Several kinds of pro¬ 
jectors, all of them simple and most of them inexpensive or not pro¬ 
hibitive in price, will be found useful. 



Fig. 229.—A vertical projector. 


A vertical projector (Fig. 229) can be used not only for slide projec¬ 
tion but also for the showing of such things as the isolated beating 
heart, muscle and nerve-muscle preparations, intestinal segments, 
chemical reactions, and hemolysis and coagulation experiments. The 
object to be projected is placed in a suitable container, such as a glass 
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dish containing saline, on the stage of the projector. Opaque objects 
project largely in silhouette. This is usually not a serious disadvantage. 
The Vu-Graph is a larger vertical projector (Fig. 230). It allows the 
projection of a great variety of material, inanimate and animate, in¬ 
cluding intact small animals such as frogs, rats, and guinea pigs. 

A horizontal 'projector has even greater usefulness in physiological 



Fig. 230.—A largo vertical projector. 


demonstrations. A conventional slide projector, considerably modifie , 
may be used (Fig. 231). I have taken the lamp housing including tie 
condensing lenses from an old projector and clamped it to a heavy 
stand. To another stand the projecting lens is fixed by means o a 
clamp. The bellows is discarded and any interfering rods are remove^ , 
the space between the condensing and projecting lenses being en ire 
open. The object to be projected goes in this space. A prism is p ace ^ 
in front of the projecting lens to erect the image. In the absence 
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a prism a first-surface mirror may be used. Lacking that, an ordinary 
mirror will do. The uses to which such a projector may be put are very 
numerous. Levers, tambours, manometers, electrodes, signal magnets, 
drop recorders, circulation and respiration models, isolated organs 
and tissues, intact small animals, and chemical reactions may be pro¬ 
jected. 



Pig. 231. — Horizontal projector. From left to right, one secs the lamp housing, 
condensing lenses, open space for the object to be projected, projecting lens, 
prism to erect the image, and cardboard screen to intercept stray light from the 
projector. 

Probably an optical bench with suitable accessories would serve 
very well as a horizontal projector for physiological demonstrations. 
Such benches arc used in work in physics. 

The familiar opaque projector has many uses other than the projec¬ 
tion of graphs, charts, pages of books, and the like. If regions of intact 
(anesthetized) animals are placed under the projector, it is possible 
to show vasomotor changes, cardiac and jugular pulsations, respiratory 
movements, etc. Intestinal motility in a laparotomized guinea pig or 
rabbit projects well. An isolated beating heart makes a beautiful pro- 
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jection. The action of the heart and lungs in an anesthetized small 
mammal with open thorax is easily projected. The experiments should 
be short, lest the preparation become too hot. Overheating can be 
diminished by placing two glass plates with intervening air space 
over the opening below the lamp. By removing the under parts of 
the projector (platen, legs, etc.) and supporting it on long legs on top 


P ia. 232.—Opaque projector. The under parts have been removed and the pro¬ 
jector has been placed on long legs to give free access to the projection field. 
1 he black cloth is used to intercept stray light. This is especially necessary at the 
front of the projector. 


of a table, free access to the field of the lantern can be obtained 
(Fig. 232). 

Shadow projection with a carbon arc lamp (Fig. 233) is very use u . 
The room need not be dark. Many experiments may be sharply out 
lined on the screen in this way. An entire animal may be projectc 
If the lamp is run on A.C., cored carbons should be used. Shadow pro 
jection with the arc lamp is quite easy once a few simple requiremen 
are learned, and in many instances it is very effective. This type 0 
projection is not suitable for showing transparent objects: they a 30 
tend to project as shadows. The lens projector is better here. 
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When using the carbon arc lamp, one should avoid undue exposure to 
its radiation. 

Optical projection may be accomplished in a number of instances by 
fixing a small mirror to the surface or object whose movement is to be 
observed. A band or spot of light is projected upon the mirror, which 
reflects the light onto a screen. The movements of the light are then 


Fio. 233.—Carbon arc 
lamp. The carbons are 
controlled by hand. The 
lamp ordinarily stands on 
the floor. 



observed. A concave (galvanometer) mirror makes unnecessary the use 
of lenses for focusing. The movements of tambour membranes, “spoon” 
manometers, and isometric levers may readily be seen in this way. 

If a microprojector is available, several physiological demonstrations 
can be given with this apparatus, for example, the circulation in the 
web of a frog’s foot or other thin membrane and rumen protozoa. 
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Probably some of the demonstrations here described could be pre¬ 
sented better by closed-circuit television. 

SOUND AMPLIFICATION 

A good microphone, amplifier, and loudspeaker have wide useful¬ 
ness in physiological lecture demonstrations. A number of cardiac 
changes and reflexes, alimentary and respiratory activities, and muscle 
phenomena can be shown in this way. The sounds of Korotkov are 
readily demonstrated. A contact microphone especially designed for 
heart sounds is used (Fig. 234). Since most of the sounds to be am¬ 
plified are of low frequency, the amplifier and loudspeaker will give 
better results if selected with this point in mind. 



Fia. 234.—Contact microphone for heart and other physiological sounds. 


ANIMAL EXPERIMENTATION 

All demonstrations involving the use of living animals must be 
done with full regard for the principles of animal experimentation, 
is the duty of the teacher to inform the students about the necessi. 
for, and the moral basis of, animal experimentation in the physio ogi 
cal, medical, veterinary medical, and other biological sciences. 

ANESTHESIA 

When an anesthetic is required in these demonstrations, the ^ 

generally used (for dogs) is pentobarbital sodium. The dose is 
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40 mg. per kg., given intravenously. The injection may be made 
rather rapidly if due attention is given to the heart action and the 
respirations. It is more important to watch the former action than 
the respirations during the injection. 

INTRAVENOUS INJECTION 

This technic is required in a number of the demonstrations. It is not 
difficult to acquire facility in its use. In the dog the cephalic and lateral 
saphenous veins are readily available. The former vein is preferable. 
Clipping of the hair is recommended. The vein is raised by occlu¬ 
sion, and the needle, already on the syringe, is inserted into it. When 
blood appears in the syringe, the occlusion is discontinued and the 
injection made. A syringe with an eccentric tip is preferable. A 20- 
gage needle with short bevel is satisfactory. The needle is so placed on 
the syringe that the bevel is up when the puncture is made. 

Since the experiments in which the animals are subjected to venous, 
arterial, cardiac, cisternal, pleural, and other punctures are not 
terminal so far as the animal is concerned, the punctures should be 
done with suitable cleanliness. Strict asepsis is generally unnecessary. 

EUTHANASIA 

Mammalian experiments in which it is intended that the animals 
will be euthanized before or after the demonstrations are as follows: 
34, 38, 41, 42, 49, 82, 83, 85, 86, 87, and 90. To reduce cost, several 
of these experiments may be combined. 

BLOOD 

1. Plasma and Cells. Project a graduate containing uncoagulatcd 
horse blood to show the color of plasma and relative volumes of plasma 
and cells. Hold the graduate in the field of the horizontal projector. 

2. Serum and Clot. Project a graduate containing coagulated horse 
blood to show scrum, clot, and probably the bufTy coat. 

3. Plasma Carbon Dioxide. Equilibrate a sample of plasma with 
alveolar air in a flask. Introduce some of the plasma into an oiled 
syringe provided with a stopcock. Close the stopcock and evacuate 
by pulling on the plunger, projecting with either the vertical or hori¬ 
zontal lantern. The evolution of gases (mainly C0 2 ) will be evident. 
Discuss C0 2 capacity. 

4. Hematocrit. Project a hematocrit containing heparinized dog 
blood. Show “leukocyte cream.” Use either projector. 

5. Color of Plasma. Project samples of dog, cow, and horse plasma 
to show the colors. 
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6. Sedimentation Rates. Fill sedimentation tubes with horse and 
dog bloods. Clamp the tubes in the field of the horizontal projector. 
Compare sedimentation rates. 

7. Hemolysis. Place on a glass plate on the stage of the vertical 
projector two small amounts (a few drops) of blood diluted with 
physiological saline. Add water to one quantity of blood (hemolysis) 
and saline to the other (control). 

8. Agglutination of Erythrocytes. Place on a glass plate on the 
stage of the vertical projector a few drops of blood diluted with saline. 
Add a saline extract of ground-up beans to produce agglutination of 
the red cells. 

9. Hemagglutination. Place on a glass plate on the stage of the 
vertical projector a few drops of cow serum or plasma. Add horse 
erythrocytes suspended in saline. Note hemagglutination (heterohem¬ 
agglutination). 

10. Color of Arterial and Venous Bloods. Obtain from a gentle 
unanesthetized dog, before class or in class, samples of venous and 
arterial blood by venous and femoral arterial puncture, using oiled, 
heparinized syringes with stopcocks attached to the tips. Close the 
stopcocks and project the syringes by placing them in the field of the 
opaque projector to show the difference in color of the two blood 
samples. 

11. Carbon Monoxide Poisoning. Place a guinea pig or rat in a 
glass container on the stage of the large vertical projector. Run in 



Fio. 235.—Rectangular glass jar used as a gas chamber for small animals. Whc 
the chamber is in use, the open end is closed with a piece of sponge ru er. 
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automobile exhaust gas (through soda lime to remove (’(>_. if desired) 
and observe the quickly developing signs of carbon monoxide poison¬ 
ing (anemic anoxia). With the onset of unconsciousness and con¬ 
vulsions, run 0 2 into the container or remove the animal and give 
artificial respiration. 

A rectangular jar with a hole drilled near the bottom (Fig. 235 ), or 
a pharmaceutical percolator, will serve as an animal chamber. Close 
the main opening with a piece of cotton or sponge rubber. Run the 



Fig. 236.—Adjustable slit. It may be used in either the vertical or horizontal 
position. Both the length and the width ol the slit are adjustable. 


gases in through the other opening. Projection is better with the 
rectangular chamber. 

12. Absorption Spectra. Convert the horizontal projector into a 
projection spectroscope by placing a vertical slit (Fig. 236) in focus 
in front of the condensing lenses and a prism with good dispersion 
in front of the projecting lens. Use the erecting prism to raise the 
resulting spectrum to the desired position on the screen. Put blood 
diluted with distilled water (1:100) in an absorption cell with parallel 
sides and place this in front of the slit. The absorption spectrum of 
oxyhemoglobin will be seen on the screen. 
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Add a reducing agent to the oxyhemoglobin solution. The spectrum 
of reduced hemoglobin appears. Agitate the hemoglobin solution in the 
air. Oxyhemoglobin will be formed. 

Bubble CO through hemoglobin solution to produce carboxyhemo- 
globin or obtain blood from a small animal just poisoned with CO and 
hemolyze it. In either case note the spectrum of carboxyhemoglobin. 
Add a reducing agent. The spectrum remains unchanged. 

13. Spleen Experiment. From a gentle unanesthetized dog standing 
on the lecture table obtain a small amount of venous blood in a hepari¬ 
nized syringe. Inject intravenously */2 to 1 ml. adrenaline. After 2 to 3 
minutes, obtain a blood sample from the opposite vein. Place the sam¬ 
ples in hematocrit tubes and spin in the centrifuge. Project the tubes 
by placing them on the stage of a vertical projector. There is generally 
a significant increase in red cell volume in the second tube. The results 
may indicate the ejection of concentrated blood from the spleen— 
reservoir function of the spleen in the dog—but other interpretations 
are possible. 

14. Blood Coagulation. Anesthetize a dog in class by intravenous 
injection of pentobarbital sodium and obtain in a syringe a large sam¬ 
ple of blood by heart puncture. Quickly divide the blood into small 
quantities for coagulation studies. Small cylindrical vials, appro¬ 
priately labeled, are convenient for receiving the blood. Whether or 
not coagulation occurs can be demonstrated by placing each vial on 
the stage of a vertical projector and tipping it over if necessary. Fol¬ 
lowing is a suggested series of tubes: (a) blood only; (b) blood and 
thromboplastin; (c) blood and thrombin; (d) blood and oxalate, to 
which preparation Ca is later added; (e) blood and citrate; (f) blood 
and fluoride; (g) blood and heparin; (h) plasma (previously obtained) 
and thrombin; (i) defibrinated blood. 

Wash the fibrin obtained from (i) and project it. 

15. Project the original vials containing Gelfoam, thrombin, 
heparin, thromboplastin, etc. 

16. Absorption from Tissues and Other Places. As a part of the 
study of lymph formation, perform the following demonstrations on 
absorption from various compartments. Before class anesthetize four 
dogs with pentobarbital sodium. Place the dogs on high tables in such a 
way that their heads will hang over the table edge and can be pro¬ 
jected with the arc lamp. Give the animals pilocarpine (5-10 mg.) or 
some other cholinergic substance as follows: Dog 1, intravenously; dog 
2, intramuscularly; dog, 3, intraperitoneally; dog 4, subcutaneously. 
Saliva will be secreted in all instances, generally in the order indicate 
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Project the salivary secretion with the arc lamp. Note the lapsed time 
in each case. 

17. Cerebrospinal Fluid (CSF). Needle the cisterna magna of an 
anesthetized dog and connect the needle, by means of a three-way 
stopcock and rubber tubing, with a vertical glass tube of small dia¬ 
meter in the field of the horizontal projector. Before the demonstra¬ 
tion fill the tubes with colored saline by means of a syringe attached 
to the stopcock, locate the point of atmospheric pressure, and place a 
transparent millimeter scale alongside the manometer tube, with the 
zero at atmospheric pressure. Then run some additional saline into the 
tubes so that there will be a minimum movement of CSF into the sys¬ 
tem of tubes or of saline out of it when the needle is connected to it. 

Produce variations in CSF pressure by (a) occlusion of the jugular 
veins, (b) injection of adrenaline, (c) raising the hind parts of the dog. 

From the same or another anesthetized dog, obtain CSF in an oiled 
syringe provided with a stopcock. Place the syringe on the stage of a 
vertical projector. Note the clear fluid. Vacuate the fluid to show the 
evolution of gases (mainly C0 2 ). Run some of the fluid into a dish 
and test for chloride with AgN0 3 . 

Shadow the head of the dog and note the drops of fluid falling out 
of the needle. 

(This experiment is not difficult. The technic is readily acquired by 
a few trials. A number of the details have been omitted in this brief 
description.) 


CIRCULATION 

18. Pacemaker of the Frog Heart. Tie off the sinus venosus of a 
frog heart in the field of the horizontal projector. Let the frog lie on 
a small platform clamped to a stand and have the heart attached by a 
thread to a lever (suspension method). Stimulate the quiescent ventri¬ 
cle with single shocks to show summation of subminimal stimuli, all- 
or-none contractions, etc. 

19. Exposed Turtle Heart. Make various experiments on the ex¬ 
posed beating heart of a decapitate turtle in a field of the opaque pro¬ 
jector. 

20. Electrical Changes of Muscle and Heart, (a) Place plate 
electrodes on the forearms. Use salt jelly to lower skin resistance. Con ¬ 
nect the electrodes to a vacuum tube amplifier and loudspeaker. Con¬ 
tract the arm muscles to produce electrical changes, which are con¬ 
verted into audible sounds. The intensity of sound is roughly propor¬ 
tional to the force of the muscular contraction, (b) Show the electrical 
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variations of muscle and heart with the cathode ray oscilloscope, (c) 
Show the changes with a direct-writing electrocardiograph. Project 
(with the opaque projector) an electrocardiogram as it is being made. 

21. Cardiac Pulsation. Show this pulsation in an anesthetized dog 
by means of a cardiograph placed over the heart and a recording 
tambour. Project the movements of the tambour lever. Make a tracing 
with a kymograph. Fix the tracing and project it. 



Fio. 237.—A glass “spoon” manometer, which works on the principle of the 
Bourdon gage. A concave galvanometer mirror (left) is cemented to the glass. 
A metal adapter (right) facilitates connection of the manometer to the pressure- 
transmission tube. 

22. Heart Sounds. As an introduction to this subject, demonstrate 
laryngeal (talking) and pharyngeal (drinking of water) sounds on one¬ 
self by the use of a heart-sound microphone, amplifier, and loud¬ 
speaker. Then demonstrate heart sounds in animals and birds of all 
sizes (mouse, rat, guinea pig, rabbit, pigeon, chicken, cat, dog, man, 
sheep, cow, horse). No anesthesia is required in any case. 

23. Muscle Sounds. Show that contracting skeletal muscle pro¬ 
duces sound by placing a microphone over the biceps muscle and con¬ 
tracting it with varying force. 

24. Cardiac Cycle. A correlation of electrical changes, heart 
sounds, and intraventricular pressure variations can be made as a lec¬ 
ture demonstration. An anesthetized dog is used as the subject. The 
electrical changes are observed on the screen of the cathode ray oscillo¬ 
scope. The sounds are listened to by means of a microphone, amplifier, 
and loudspeaker. The intraventricular pressure changes are observe 
by inserting through the chest wall into a ventricle a long needle con¬ 
nected by rigid tubing with a glass “spoon” manometer (Fig. 237). 
The entire manometric system is previously filled with liquid contain 
ing an anticoagulant and the level of atmospheric pressure determine 
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and marked on the screen. Projection of the pressure changes is ac¬ 
complished by transmitting a band of light to a concave mirror fixed 
on the manometer. The mirror reflects the focused light onto a screen 
where its movements are observed. A slit (Fig. 23G) in front of a 
suitably housed lamp serves very well as the band of light transmitted 
to the mirror. 

If the needle is properly placed in the ventricle and the manometric 
system is in good order, the intraventricular pressure will fall to 
atmospheric during diastole. It is not difficult to arrange a calibration 
device (Harvard Apparatus Co.) in the manometric system. It can be 
included or excluded by means of a suitably placed stopcock. 

The presence of the needle in the ventricle will probably produce 
premature beats, with compensatory pauses followed by louder sounds 
(caused by the operation of Starling’s law). 

tit is easy to show simultaneously the electrical changes and the 
sounds. It is more difficult to get a satisfactory demonstration of the 
pressure changes. But the results, when good, are worth the effort.) 

25. Syringe Model for Cardiac Output. Fix a glass syringe (10 
ml.) with suitable valves in the field of the horizontal projector. Pump 
colored water through the syringe. Show stroke volume at constant 
rate. Use a metronome to keep the rate constant. Double the stroke 
volume, but leave the rate the same. Double the rate, but go back to 
the original stroke volume. Double both rate and stroke volume to give 
a 4-fold increase in syringe output. 

(A simple experiment but apparently quite worth while.) 

26. Automaticity of Heart. Place a frog or turtle heart in a dish of 
Ringer’s solution on the stage of a vertical projector. Note the auto¬ 
matic beat. Cut it up and note automaticity of the different parts. 

27. Properties of Cardiac Muscle: Poikilotherm. Isolate a turtle 
heart and suspend it (ventricle) between two bent pins in the field of 
the horizontal projector. The upper pin is stationary, the lower is fixed 
to a heart lever. Insert electrodes into the ventricle (small fishhooks 
attached to fine wires serve very well) and connect them to a stimula¬ 
tor. If necessary, slow the heart with cold Ringer’s solution dropped on 
it. Show (a) automaticity, (b) refractory period, (c) premature beats 
and compensatory pause, (d) driving of ventricle by repetitive stimu¬ 
lation but no tetanus, (e) van’t Hoff effect (heat of lantern or warm 
Ringer’s solution). Then cut off the atria to stop the ventricle and show 
the nll-or-none law. 

28. Properties of Cardiac Muscle: Mammal. Amplify the heart 
sounds of an anesthetized dog lying on the lecture table. Quickly 


974 


APPENDIX 


thrust a sharp stylet through the chest wall over the heart. With the 
stylet mechanically stimulate the heart and show (a) refractory pe¬ 
riod, (b) premature beats, (c) compensatory pause, and (d) Starling’s 
law. (Similar to a part of 24.) 

29. Skeletal Muscle Contraction (Frog). Show that this contrac¬ 
tion is not all-or-none and that skeletal muscle can be tetanized. Pro¬ 
ject the muscle, lever, stimulator, etc., with the arc lamp. 

30. Nervous Regulation of the Heart. Place a microphone over the 
heait of a quiet dog. Demonstrate many facts in the nervous control 
of the heart by intravenous injections of the following substances: 

(a) Nembutal. \\ ith the induction of anesthesia cardiac accelera¬ 
tion occurs. This is caused by depression of the inhibitory center as 
well as a temporary fall of blood pressure—the fall diminishing reflex 
inhibition from the aortic arch and carotid sinuses. Sinus arrhythmia, 
if present, disappears. 

(b) Arecoline or acetylcholine, in amount sufficient to cause slowing 
or stopping of the heart. If the heart stops, ectopic beats will soon occur 
because of shifting of the pacemaker to the A-V node. 

(c) Atropine, given quickly and in considerable dilution. (The blood 
pressure is now quite low and the venous return poor.) Cardiac ac¬ 
celeration soon occurs. 

(d) Adrenaline. Dramatic acceleration and augmentation of the 
beat occur. 

31. Aortic and Carotid Sinus Reflexes. Inject amphetamine into 
an anesthetized dog with heart microphone in place. Note the recurring 
acceleration and reflex slowing of the heart. Then block the vagi with 
an injection of atropine. The reflexes initiated from the baroceptors 
no longer slow the heart. 

32. Carotid Sinus Reflex. Press on the carotid sinuses .)f a selected 
unanesthesized dog. Reflex slowing of the heart may occur. Use micro¬ 
phone. 

33. Reflex Slowing of Heart. Let an unancsthetized rabbit inhale 
ammonia. Reflex slowing of the heart will occur. Use microphone. 

34. Perfusion of Mammalian Heart. Perfuse an isolated mammal- 
lian heart by the LangendorfF procedure. Show the effect of ions, neuro- 
humoral substances, drugs, and temperature. Very good projection of 
the action of the heart may be made by placing the heart during per¬ 
fusion in a transparent dish on the stage of the large vertical projector. 

If preferred, the heart may be so arranged that tracings can be made. 

In this case, projection of the heart and the apparatus may be accom¬ 
plished by use of the arc lamp. 



APPENDIX 


975 


35. Action of Ions and Neurohumoral Substances on the Heart. 
This may be shown lairly well merely by placing a turtle or frog heart 
in a dish of Ringer's solution on the stage of a vertical projector and 
dropping the solutions on the heart. The heart should be rinsed and the 
solution changed where necessary. 

36. Temperature Effect. Place an isolated frog or turtle heart in a 
dish of cold Ringer’s solution on the stage of a vertical projector. Note 
the increase in rate of beat as the preparation heats up. Add warm 
Ringer’s solution to hasten the effect if desirable. 

37. Sinus Arrhythmia. Amplify the heart sounds of a quiet dog 
showing respiratory sinus arrhythmia. Inject atropine intravenously. 
Cardiac acceleration and disappearance of the arrhythmia follow. 

38. Action of the Mammalian Heart in Situ. Anesthetize a mam¬ 
mal (small size), open the chest, and give artificial respiration. This 
may be conveniently done by connecting a rubber bag containing 
oxygen to the trachea. A small amount of soda lime may be placed 
in the bag, or otherwise introduced into the rebreathing system, to 
absorb the C0 2 . Insert fishhook electrodes (27) into the heart. Place 
the preparation under the opaque projector. Show features of the 
physiology of the heart and respiration: stimulate a vagus, inject 
adrenaline, stop artificial respiration, stimulate a phrenic nerve, induce 
premature ventricular beats mechanically or electrically, fibrillate the 
ventricle. Defibrillate if apparatus is available. (Avoid overheating 
the preparation.) 

39. Flow of a Liquid through Rigid and Elastic Tubes. Using an 
intermittent pump (rubber bulb with valves), compare flow from (a) 
long rigid tube, (b) long rigid tube with added resistance, (c) long 
elastic tube without added resistance, (d) long elastic tube with added 
peripheral resistance. Project the outflow with the arc lamp. Different- 
sized hypodermic needles placed on the ends of the tubes by means of 
adapters allow the resistance to be changed easily. 

40. Model of the Circulation. A simple model may be made of a 
rubber bulb with valves, rubber tubing, clamps, hypodermic needles of 
various calibers for peripheral resistance, mercury manometer for 
arterial pressure, narrow rubber balloon or finger cot for vena cava, etc. 
If the model is arranged on a stand, appropriate parts of it may be 
placed in the field of the horizontal projector. By use of a contact 
microphone the sounds produced by the valves and turbulent flow may 
be heard, and these may be correlated with the visible pulses. (The 
projected demonstration is quite effective.) 

41. Blood Pressure. Cannulate the carotid artery of an anesthetized 
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dog and show in succession (a) Stephen Hales’s experiment by allow¬ 
ing blood to run up a long vertical glass tube (somewhat longer than 
2 meters), (b) blood pressure with a mercury manometer and trans¬ 
parent millimeter scale in the field of the horizontal projector, and (c) 
blood pressure with an optical manometer (24). Use an anticoagulant 
in each case. 

42. Blood Pressure. As a part of the preceding demonstration, or 
as another experiment, place a mercury manometer, connected to a 
carotid artery, in the field of the horizontal projector and show the 
effects of vagus stimulation, hemorrhage, infusion, acetylcholine, atro¬ 
pine, adrenaline, etc. 

43. Indirect or Clinical Method of Determining Blood Pressure. 
Place an aneroid manometer in the field of an opaque projector, or a 
mercury manometer in the field of a horizontal projector, or both. 
Arrange to listen to the sounds of Karotkov by means of a microphone 
placed over the artery, an amplifier, and a loudspeaker. Place a blood 
pressure cuff on the arm of a person and let the entire class simulta¬ 
neously take the blood pressure. (A very effective demonstration.) 

44. Effect-of-Gravity Model. A simple model can be made of a 
rubber tube (about 1.5 meters long) with a mercury manometer at 
one end and a thistle tube covered with a rubber diaphragm at the 
other. The system is filled with water and clamped to a stand. The 
vertical position of the manometer or of the thistle tube may be varied, 
depending on what one wishes to show. The effect of gravity, when 
the thistle tube is down, can be compensated for by pressing on the 
rubber membrane, thus simulating action of the splanchnic vasomotor 
mechanism. 

45. Rabbit in Upright Position. Hold a female rabbit in the verti¬ 
cal head-up position to show lack of tone of abdominal muscles. The 
hair over the abdomen may be clipped and the animal projected with 
the arc lamp. 

46. Venous Pulse. Anesthetize a dog and clip the hair off the lower 
part of the neck. Cement a concave galvanometer mirror to the skin 
over the jugular pulse. Project the pulsation by transmitting a band 
or spot of light to the mirror. (Considerable wobbling of the reflected 
light will occur.) 

47. Arterial Pulses. Receive the carotid and radial pulses with 
appropriate devices and transmit them to tambours. Project the levers 
with the arc lamp or place them in the horizontal projector. Note the 
delay of the radial pulse. 

48. Arterial Pulse. Receive an arterial pulse (carotid, radial, or 
femoral) and transmit it to a tambour with a concave mirror fixed to 
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the periphery of the rubber membrane. Project the movements as a 
band or spot of light onto a screen. 

49. Vasomotor Mechanisms. Observe the blood pressure from a 
cannulated artery of a dog by means of a mercury manometer in the 
field of a horizontal projector. Amplify the heart sounds. Produce 
various vasomotor responses: stimulate central ends of the vagus and 
anterior laryngeal nerves; inject various autonomic blocking agents, 
histamine, etc. 

50. Plethysmograph. Have a subject insert an arm into a glass 
cylinder with a tubulature at the other end (pharmaceutical percola¬ 
tor). Make the junction between the arm and cylinder air-tight with 
the wrist of a rubber glove. Connect the other end with a tambour as 
described in 48 and project the volume changes of the arm. Observe 
the effects of (a) obstructing the venous return by means of a tourni¬ 
quet applied to the upper arm; (b) deep breathing and holding the 
breath; (c) a mental calculation; (d) inhaling amyl nitrite; and (e) 
contraction of arm muscles. (Changes in heart rate, pulse volume, and 
arm volume are readily detected.) 

RESPIRATION 

51. Model of the Thorax. Make this out of a bell jar with an open¬ 
ing at the top and perferably an opening on the side near the bottom. 
Use a rubber balloon for lungs and a rubber glove as a diaphragm. 
The rubber stopper at the top should have two glass tubes running 
through it—one to serve as the trachea, the other to connect with the 
"pleural cavity.” The lower opening can be used to illustrate the 
aspiratory action of the thorax on the venous return and in regurgita¬ 
tion; another balloon serves as the vena cava or the esophagus. 

At appropriate times show (a) mechanism of inspiration and ex¬ 
piration, (b) effect of partial and complete closure of the glottis, (c) 
intrathoracic pressure by means of a water or bromoform manometer, 
(d) pneumothorax, (e) abdominal press, (f) effect of inspiration on 
venous return, (g) mechanism of regurgitation, etc. 

52. Mechanism of Inspiration and Expiration. Place an anes¬ 
thetized dog on a high table and discuss and illustrate fa) the mecha¬ 
nism of inspiration and expiration, (b) abdominal and costal types of 
breathing, (c) eupnea and dyspnea, etc. With a pneumograph and 
tambour make a tracing of respiratory movements. Project the tam¬ 
bour lever, and the entire animal for good visibility, with the arc lamp. 
Where desirable to stimulate respiration, let the animal inhale CO, 
from a bag. 

53. Respiratory Volumes. Show tidal volume, pulmonary minute 
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volume, vital capacity, etc., on oneself D y use of the Benedict-Roth 
apparatus (without CO 2 absorber) or other suitable device. 

54. Intranasal Pressure Changes. Place a water manometer and 
transparent scale in the field of the horizontal projector. Connect the 
manometer to a glass tube for insertion into a nostril. Observe the 
pressure variations during respiration. 

55. Accessory Respiratory Movements. Show movements of the 
nostrils of a rabbit during respiration by projection of the head of the 
animal held in the hands. Use a vertical projector. 

56. Purring. Place a microphone over the chest of a purring cat 
and listen to the sounds produced. (Probably of no practical im¬ 
portance but very interesting!) 

57. Intrathoracic Pressure. Needle the pleural space of an anesthe¬ 
tized dog and connect the needle to a bromoform manometer for 
measuring of intrathoracic pressure. The manometer may be placed in 
the field of the horizontal projector. Produce a mild degree of pneumo¬ 
thorax by injection of air into the pleural cavity by means of a syringe. 

A three-way stopcock can be used to facilitate connections and in¬ 
jections. 

58. Expired Air. Breathe through lime water in a beaker on the 
stage of a vertical projector. 

59. C0 3 of Expired Air. Collect expired air in a rubber bag and 
analyze it for C0 2 . A simple method of analysis over water may be 
used. 

60. Blood Gases. Place a gas sampling tube in the field of a hori¬ 
zontal projector and evacuate it by means of a vacuum pump. Allow 
blood to run into the tube. Note the evolution of the blood gases and 
the change in color of the blood. 

61. Plasma C0 2 . Evacuate a sample of plasma (in equilibrium with 
alveolar air) in a gas sampling tube. Add acid to cause further evolu¬ 
tion of C0 2 . Repeat with a solution of sodium bicarbonate in another 
gas sampling tube. 

62. Anoxic Anoxia. Place a guinea pig or rat in a glass container 
on the stage of the large vertical projector as in 11. Produce anoxic 
anoxia by running N* into the container. Then run in 0 2 . 

63. Anoxic Anoxia. Place a guinea pig in a bell jar or other suit¬ 
able container connected to a mercury barometer and a vacuum pump. 
Use stopcock grease where necessary to make the system airtight. 
Produce anoxic anoxia by evacuation. Then return the animal to at¬ 
mospheric pressure. Show a table for the conversion of barometric pres¬ 
sure into altitude. 

64. Anemic Anoxia. Repeat 11 if desirable. 
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65. Hyperoxygenation. Place a guinea pig in a jar and run in 0 2 
to produce hyperoxygenation at atmospheric pressure. Note absence 
of effect on the animal. 

66. Regulation of Respiration. Intubate the trachea of a dog under 
pentobarbital sodium anesthesia, using a tube similar to that illustrated 
in Fig. 238. Show effects of (a) breathing C0 2 ; (b) closing the tube 



Fia. 238.—A catheter for intubation of the trachea. 

at the end of inspiration: inspiratory inhibitory reflex; (c) closing 
the tube at end of expiration: no reflex effect; (d) pressure on the 
chest wall: inspiratory reflex; (e) passive movement of a leg; (f) pres¬ 
sure on carotid sinuses; (g) adrenaline intravenously (after atropine 
to block the vagi): adrenaline apnea; (h) amphetamine, etc. 

67. Hypercapnia. Place a guinea pig or rat in a jar of 0 2 . Run in 

CO a . Project if necessary. 

DIGESTION 

68. Secretion of Saliva. Cannulate the parotid duct of an anesthe¬ 
tized dog via the oral cavity. Use a lachrymal duct cannula and tie 
it securely in the duct by means of a suture placed with a fine curved 
needle. Remove the suture and cannula after the demonstration. Con¬ 
nect the cannula through tubing with a mercury manometer, as well 
as with a fine bent glass tube for observation of drops, in the field 
of the horizontal projector. A three-way stopcock in the course of the 
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tube from the cannula enables one easily to change from observation 
of drops to observation of pressure. The entire system should pre¬ 
viously be filled with water and the point of atmospheric pressure on 
the manometer located. A transparent millimeter scale may be placed 
alongside the manometer tube. A three-way stopcock at the cannula 
end of the tube is convenient for filling the manometric system and the 
drop-observation tube as well as for connecting the main tube to the 
cannula. 

With the distal stopcock set for drops, inject pilocarpine or other 
cholinergic substance intravenously and (a) observe the drops from 
the tube; (b) switch to pressure observation and note the salivary 
secretory pressure; (c) return to drops and inject atropine intrave¬ 
nously. Secretion stops at once. 

69. Conditioned Salivary Response. Many dogs that have had re¬ 
peated injections of pentobarbital sodium will develop a salivary condi¬ 
tioned response. The unconditioned stimulus is presumed to be the bitter 
taste of the drug as it reaches the taste receptors via the blood stream. 
The conditioned stimulus is the sight of the syringe and the other pro¬ 
cedures accompanying the injection. In some animals profuse saliva¬ 
tion occurs when the conditioned stimulus is presented. 

70. Salivary Amylase. Test for this in saliva of a cow or sheep, 
dog, and man. Use starch solution and iodine in Petri dishes on the 
stage of the large vertical projector. Add the salivas to the several 
dishes. One dish may serve as a negative control. Amylase of bacterial 
or plant origin may cause some amylolytic action by the ruminant 
saliva. It is convenient to collect the ruminant saliva before class, but 
the human and dog salivas are easily collected in class. 

71. Deglutition. Demonstrate swallowing sounds (caused by drink¬ 
ing of water) on oneself by means of a heart-sound microphone, ampli¬ 
fier, and loudspeaker. If after the pharyngeal sounds arc heard, the 
microphone is quickly transferred to a location near the xiphoid region, 
sounds caused by the entry of water into the stomach are readily 
heard. The elapsed time is several seconds. The sounds at the cardia 
are more evident if some air is swallowed with the water. 

72. Effect of Anesthesia on Deglutition. Anesthetize a dog with 
pentobarbital sodium. Show the complete absence or the depression o 
the swallowing reflex by testing the posterior part of the mouth an 
the pharynx by means of (a) water sprayed in from a syringe an 

(b) a stomach tube inserted into the cavities. . 

73. Gastric Juice. Some days previously make a gastric pouc m 
a dog. Drain the pouch by means of a Pezzer catheter permanen y 
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placed in it. Connect the pouch to a sphygmomanometer arm bag fixed 
like a saddle bag to a many-tail bandage on the animal. Collect juice 
overnight, bring the dog into class, and empty the bag. Project a 
sample of the juice. Measure the pH and test for chlorides in the field 
of a projector. 

74. Action of Pepsin. Prepare two beakers of gastric juice the 
night before, one specimen boiled, the other unboiled. To each add 
some protein (a skinned frog leg works well). The next day project 
the beakers in class by placing them on the stage of a vertical pro¬ 
jector. Remove the solid contents, place them in Petri dishes, and 
project. 

75. Secretion of Gastric Juice. Place a dog with a gastric pouch 
on a table having a Pavlov frame. Connect the Pezzer catheter of the 
pouch by means of tubing with a fine glass tube in the field of the 
horizontal propector for the observation of drops. The system is then 
filled with water injected through a stopcock placed at a suitable 
location in the course of the connecting tube. To make the secretion 
audible, the drops may be allowed to fall on a microphone covered 
with a piece of rubber dam. Another method of observing the rate of 
secretion is simply to project the catheter and drops with an arc lamp. 
Inject histamine subcutaneously. In some minutes a copious secretion 
of gastric juice will result. 

76. Stomach Motility. Connect the Pezzer catheter of a gastric 
pouch to a vertical glass tube in the field of a horizontal projector. 
Fill the system with colored water and study pouch motor activity by 
observing the movements of the water in the manometer tube. Try 
for various effects on motility. 

77. Thirst. Place a gentle dog on a table having a Pavlov frame. 
Induce thirst and drinking by intravenous injection of hypertonic 
saline. A suitable amount for a large dog is 50 ml. of a 20 per cent 
solution of NaCl. 

78. Rumen Fistula. Show a cow or sheep with a large rumen 
fistula. 

79. Rumen Motility. Needle the rumen of a sheep in a sheep crate 
on a table and connect the needle to a tambour or other recorder. Make 
a tracing of motility. Tease the hungry animal with food and note 
the increased rate of contraction. Test other effects on rumen motility. 
The movements of the tambour lever may be calibrated in mm. H 2 0. 
Other methods of receiving rumen contractions may be used, for ex¬ 
ample, a cardiograph placed over the left flank. 

80. Rumen Gases. Needle the rumen of a sheep and connect the 
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needle with the inlet of a glass water trap placed in the field of a 
horizontal projector. Connect the outlet of the trap with a rubber bag 
for collection of gas. Note motility; gas evolution; pressure changes, 
positive and negative, etc. Analyze some of the gas for C0 2 and burn 
some of it to show methane. (To ensure enough gas for the latter pur¬ 
poses, a previous collection of gas should be made in another bag. To 
show combustion well, it is advisable to pass the gas through soda lime 
or other C0 2 absorber on its way to the burner, which may be a hypo¬ 
dermic needle on the end of a rubber tube.) 

81. Regurgitation. Show the essential features of regurgitation in 
ruminants by use of a model of the thorax (51). 

82. Pancreatic Secretion. Cannulatc the pancreatic duct of an 
anesthetized dog. Place a glass tube in the field of a horizontal pro¬ 
jector and connect it by means of rubber tubing to the cannula. Using 
a three-way stopcock, fill the tubes with water. Allow the drops to fall 
on a microphone if desired (751. Show the effects of IIC1 injected into 
the duodenum, secretin injected intravenously, etc. 

83. Bile Secretion. This experiment may he done as a part of 82 
or as a separate demonstration. Stimulate bile secretion by intravenous 


injection of (a) bile salts and (b) secretin. 

84. Intestinal Secretion. Show several types of intestinal fistula 
if chronic preparations are available. Anesthetize an animal having a 
Thiry-Vclla fistula and insert through the fistula a catheter with per- 
formations along its wall. Place the animal on a high stand and pro¬ 
ject the ends of the catheter with the arc lamp. Note any secretion. 
Inject tetraethylammonium (TEA). This generally causes an in¬ 
creased rate of secretion, presumably as a result of sympathetic 
blockade (p. 403). Then transfer the animal to the opaque projector 

and withdraw the catheter for all to see. 

85. Action of an Isolated Intestinal Segment. Place a parallel- 
sided jar (small museum jar) containing warm Locke’s solution in the 
field of a horizontal projector and suspend in it an intestinal segment 
of a rabbit, the lower end being fixed and the upper end being con¬ 
nected to a light lever. Observe the normal contractions and note t c 
effects of (a) adrenaline, (b) arecoline or other cholinergic substance, 
(c) atropine, and (d) a change of temperature of the solution. 

86. Intestinal Motility. Place a long loop of rabbit intestine in 
a transparent dish containing warm Locke’s solution on the stage o 
the large vertical projector. Note the various types of motility an 
show the effects of adrenergic and cholinergic substances added to ie 
solution or sprayed on the intestine. 
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87. Intestinal Motility. Place an anesthetized laparotomized 
guinea pig or rabbit in the field of the opaque projector and observe 
motor activity of the small and large intestine. 

88. Alimentary Tract of Chicken. Remove the entire alimentary 
tract of a recently killed chicken and place it in warm Locke s solu¬ 
tion in a dish on the stage of the large vertical projector. Identify 
the different parts. Note motility at various levels. 

89. Absorption. If animals with stomach pouch and intestinal and 
rumen fistulas are available, study absorption from these locations by 
introducing a solution of pilocarpine or other cholinergic substance 
into the pouch or fistula. Let the salivary glands signal absorption. 
Anesthesia is desirable for restraint. 

URINE SECRETION, ENERGY METABOLISM, 
TEMPERATURE REGULATION 

90. Urine Secretion. Anesthetize a dog, cannulate a ureter, and 
lead the urine flow to the outside. Place the animal on a high table 
in such a way that the end of the tube can be projected with the arc 
lamp. Follow circulatory changes by placing a microphone over the 
region of the heart. Observe the effects on urine flow of injection of (a) 
strong glucose solution, (b) sodium sulfate, (c) a cholinergic sub¬ 
stance, (d) atropine, (e) adrenaline, and (f) saline. 

91. Energy Metabolism. Demonstrate measurement of the meta¬ 
bolic rate by the oxygen-consumption method, using a Bcnedict-ltoth 
metabolism apparatus. A man or a dog may be used as the subject. 

92. Insensible Water Loss. Place the arm in a pharmaceutical 
percolator or the finger in a Harvard muscle warmer. Close the small 
end and make the other end tight around the arm or finger with a 
rubber cuff. Place the glass vessel on the stage of a vertical projector. 
Note the accumulation of water on the inner surface of the chamber. 

93. Temperature Regulation. (See also 111.) It is easy to set up 
several simple qualitative physical demonstrations illustrating radia¬ 
tion, convection, conduction, and evaporation. A familiar type of 
portable electric heater works by radiation. Others heat by convection. 

Convection in water can be illustrated by means of a glass tube 
in the shape of a rectangle into which water and a few drops of dye 
are introduced through an opening at the top. Convection currents are 
set up by heating one of the lower angles of the tube. 

An air thermometer can be used to illustrate conduction from 
the hand to the glass bulb. Evaporation can be illustrated by placing 
a piece of wet cloth on the bulb and blowing air on it. 
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MUSCULAR ACTIVITY AND THE NERVOUS SYSTEM 

94. Muscle and Nerve-Muscle Experiments. A large number of 
such demonstrations can be given. Tracings may be made, but these 
are not necessary. For better visibility the muscle and lever may be 
projected with the arc lamp. Some experiments can be demonstrated 
very well by placing the preparation on the stage of a vertical pro¬ 
jector. The slight movement of an isometric lever may be observed 
by means of optical projection (p. 965). 

Following are some of the demonstrations that are given: isotonic 
contraction, isometric contraction, genesis of tetanus shown isotonically 
and isometrically, graded response, temperature effect, and fatigue. 

95. Genesis of Tetanus. Demonstrate this on the muscles of one’s 
own arm by stimulation of the median nerve at the elbow with con¬ 
denser discharges or other single shocks from a suitable stimulator. 
Use unipolar stimulation, at first at low frequency, and gradually 
increase the frequency until tetanic contraction of the arm muscles 
results. Project the entire arm with the arc lamp throughout the dem¬ 
onstration. 

96. Muscle Sounds. See 23. 

97. Electrical Changes. See 20. 

98. Receptors. Use a suspended spinal frog (projected with the arc 
lamp if desirable) to illustrate the working of several classes of re¬ 
ceptors: touch, pressure, and pain receptors (pinch toe); chemore- 
ceptors (acid to skin); warmth receptors (hot water); cold receptors 
(cold water). 

Illustrate auditory receptors with sound, visual receptors with 
light, touch receptors by bending hairs on the forearm (projected 
from the stage of a vertical projector), and proprioceptors by tapping 
the patellar tendon (man or animal). 

99. Synaptic Functions or Conduction in Reflex Arc. Illustrate 
depression of central conduction by anesthetizing a frog with ether 
in a flat jar in the field of a horizontal projector. Illustrate increased 
synaptic activity by strychninizing a spinal frog on the stage of the 
large vertical projector. Show summation, after-discharge, etc., w a 
suspended spinal frog projected with the arc lamp or placed in t ie 
field of a horizontal projector. 

100. Reflex Action. Show reflexes in a suspended spinal frog 0 
they have not been adequately demonstrated previously). Destroy e 
spinal cord. Project with an arc lamp if desirable. 

101. Reflex Action in a Mammal. Show in a quiet dog or ca » 
both, the following reflexes: (a) knee-jerk, (b) flexor reflex, (a) crosse 
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extensor reflex, (d) extensor thrust, (e) head-shake reflex (jet of air 
into ear), (f) scratch reflex—not easily elicited in the normal animal 
but sometimes well shown in the dog just after the induction of anes¬ 
thesia with pentobarbital sodium. 

102. Reflex Action in Man. Show a number of reflexes including 

(a) the knee-jerk and its reinforcement by tightly clasping the hands, 

(b) the flexor reflex (leg), and (c) the plantar reflex, elicited by strok¬ 
ing “the lateral aspect of the sole of the foot with a pin from the heel 
toward the toes." 

103. Spinal Shock. Decapitate a frog and place it on the stage of 
the large vertical projector. Observe the disappearance of spinal shock. 

104. Cerebellar Functions. The decerebellate pigeon is excellent 
for demonstrating cerebellar functions. Anesthetize a normal pigeon 
(with a string tied to a leg!) by placing it in a jar containing ether 
vapor. Remove the pigeon from the jar and allow it to come out of 
the anesthesia. Observe the reactions. This serves as a control. Anes¬ 
thetize another pigeon and quickly destroy the cerebellum by insert¬ 
ing a small flattened probe through the bone, just above the foramen 
magnum, into the posterior fossa and moving it around gently. Avoid 
injury to the medulla oblongata. Allow the bird to recover from the 
anesthesia; dramatic signs of cerebellar lack will quickly appear. (If 
preferred, a decerebellate pigeon may be prepared before class). 

105. Agenesis of the Cerebellum. This condition is fairly common 
in cats. A veterinary clinic might serve as a source of such animals. 
They are valuable for illustrating cerebellar functions. With care they 
can be kept indefinitely. The extent of the anatomical defect can be 
confirmed later at autopsy. (Of course, decerebellate mammals may 
be prepared in survival experiments.) 

106. Postural Reflexes and Reactions. With a co-operative normal 
cat or dog, demonstrate a number of the postural reflexes and all of 
the placing and hopping reactions described on pp. 773, 774. In a 
gentle dog abolish the standing reflex (muscle tonus) by injection of 
an anesthetic dose of pentobarbital sodium. 

107. Decerebrate Rigidity and Walking Reflex. Partly anes¬ 
thetize (with ether in a chamber) a small dog or cat and show alternat¬ 
ing rigidity and walking reflexes. 

108. Investigatory and Righting Reflexes. Without warning have 
someone make a loud noise in the back of the room. Many members 
of the class will turn the head to investigate. Righting of the head will 
promptly follow. 
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109. Cerebral Cortex: What a Decorticate Pigeon Can Do. A 
day or two before they are needed in class, prepare several decorticate 
pigeons. The operation is simple, but the mortality and the number 
of partially successful or unsatisfactory preparations are fairly large. 
With experience both of these losses can be reduced. The perfect 
preparations often obtained justify the losses. The operation may be 
performed in many ways. A simple procedure will be briefly described. 
Anesthetize a pigeon in a jar containing vaporized ether. Remove the 
bird from the jar and quickly clip the feathers off the top of the head. 
Make a midline skin incision with a sharp scalpel. (Ordinary cleanli¬ 
ness will suffice; asepsis is unnecessary.) Using the point of the scalpel 
as a trephine, make an opening on each side over the cerebrum (at 
about the level of greatest curvature of the skull). Insert a probe and 
destroy the cortex by a gentle stirring motion in all directions from the 
opening. Avoid deep insertion of the probe. Repeat on the other side. 
Close the skin incision with two or three sutures. Allow the bird to 
recover from the anesthesia and do not disturb it for an hour or so 
lest severe intracranial bleeding occur. With a little experience one can 
tell if the preparation will be satisfactory. Muscle tonus should be 
good and the bird should stand symmetrically. It should not move 
when the hand is quickly advanced toward it (without touching it). 
A characteristic ruffling of the feathers occurs, especially if the en¬ 
vironment is cool. Regurgitation may occur. When undisturbed, the 
pigeon usually appears sleepy, although it may walk a good deal. When 
taken in the hand or otherwise stimulated, it arouses and appears 
almost normal. It must be fed and watered by hand and kept in a 
protected environment. 

The decorticate pigeon can carry on perfect reflex activity. Fol¬ 
lowing are examples. (Projection with the arc lamp may be used where 
desirable.) (a) The standing reflex is unimpaired, (b) Place the pigeon 
on the hand or on a board and tip it. A new attitude is struck—-atti- 
tudinal reflex, (c) Place the pigeon on its back. Prompt righting o 
the body occurs, (d) Hold the pigeon horizontally in the hand ant 
rotate the body around the long axis. Righting of the head occurs, (e) 
With the pigeon standing on the hand or a pole, bring the sternum 
into contact with the edge of a table or board. Placing occurs. (0 1 

and lower the bird while it is standing on the hand or on a boar • 
statokinetic reflex occurs, (g) Suddenly lower the bird held wi 1 j 
feet free. The toes fan out in preparation for landing stato me ^ 
reflex, (h) Suddenly lower the bird while it is standing on t ic a 
It will fly aw’ay and light gracefully, (i) The head-shake re ex, 
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ited by a jet of air into the enr, works well, (j) Autonomic reflexes are 
essentially normal. 

110. Cerebral Cortex: What a Decorticate Pigeon Will Not Do. 
(a) It will not eat or drink unless fed or watered, (b) It shows no 
fear, (c) It will not get off a hot plate but will simply step up and 
down in place (flexor and extensor reflexes), (d) It lacks cortical 
vision (but reflex vision is present, for it will flv without hitting ob¬ 
jects and will light with precision), (e) It will not respond to a loud 
sound (except by feel). 

111. Temperature Regulation. (See also 93.) The decorticate 
pigeon shows a good temperature control, but it will not seek out a 
warm place. In a cold environment the pteromotor reflex shows up well. 

112. Vision and Hearing. I give several simple demonstrations on 
vision and hearing, some of them with physical models. The demon¬ 
strations include (a) stimulation of the retina electrically; (l>) image 
formation with a lens; (c) Purkinje images with a watch glass for the 
cornea and a reading glass for the lens; (d) divergence of the optic axes 
in a pigeon, rabbit, cat, and dog; (e) auditory ossicles as a bent lever 
(physical model); (f) “silent” dog whistle. 

SOME SOURCES OF LECTURE-DEMONSTRATION EQUIPMENT 

Arc lamp, adjustable slit, small vertical projector, and optical 
bench: Central Scientific Company, Chicago 13, Ill. 

Opaque projector : American Optical Company, Chelsea 50. Mass.; 
Bausch and Lomb Optical Company, Rochester 2, N.Y.; Charles 
Bescler Company, Newark 8, N.J. 

Large vertical projector (Vu-Graph): Charles Bescler Company. 

Contact microphone: The Maico Company, Inc., Minneapolis 1, 
Minn. 

Lenses and prisms: Edmund Scientific Corp., Barrington, N.J. 

Tracheal catheter: The Foregger Company, Inc., New York 36, 
N.Y. 
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Abdominal breathing, 232 
Abdominal press, 242, 284 
Abomasum, 354, 364, 387 
passage of ingesta from, 388 
Absorption, 445 
bile and, 409, 448 
from joint cavity, 78 
from tissues, 70 
mechanism, 447 
of carbohydrates, 450 
of cerebrospinal fluid, 75 
of cholesterol, 449 
of fat, 448 
of iron, 662, 663 
of protein, 450 
of volatile acids, 451 
place of, 445 
routes, 447 

Absorption spectra, 40 
Absorptive surfaces, 446 
Accelerator globulin, 54 
Accessory sex organs, 910 
Acclimatization, 267 
Accommodation in vision, 821 
Acetoacetic acid, 23, 594 
Acetone, 594 
Acetonemia, 22, 596 
Acetylation, 594 

Acetylcholine, 133, 308, 707, 753, 811 
Acetyl ~ Co A, 529, 545, 561, 591, 599 
Acid-base balance, 481 
kidney and, 483, 497 
lungs and, 483 
Acidity of solution, 10 
Acidosis, 22 

Acids, mineral, preservation of silage, 
503 

ACTH in ketosis, 601 
Actin, 710 
Active acetate, 586 
Actomyosin, 710 
Adaptation of receptors, 734 


Adenosine triphosphate (see ATP) 
Adenylic acid, 213 
Adequate stimulus, 733 
Adipose tissue, 583 

Adrenaline, 140, 141, 196, 212, 541, 644, 
867 

action, 868 

carbohydrate metabolism and, 541 
functions, 869 
secretion, 868 
Adrenals, 864 
cortex, 865 

carbohydrate metabolism and, 548 
hormones, 865 

mammary development and, 909 
medulla, hormone, 867 
stress and, 870 
thyroid and, 855 

Adrenergic nerve fibers, 135, 308, 431, 
512,811 

Adrcnocorticotrophic hormone, 538, 549. 

860, 867 
Adsorption, 16 
Aerobic oxidase, 268 
Aero-embolism, 253 
Afferent conduction systems, 757 
After-discharge, 752, 753 
Agglutinin, 28 
Agglutinogen, 28 
Alarm reaction, 870 
Alimentary hyperlipemia, 582 
Alimentary tract, 299 
enzymes, 299 
Alkali disease, 668 
Alkali reserve, 22 
Alkalosis, 22 
Allantoic fluid, 893 
Allantoin, 569 
Allantois, 890, 892 
All-or-nono law, 128, 703, 717 
Alloxan, 5*14, 562 
Alpha-tocopherol, 675 
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Alveolar air, 262 

partial pressure of gases of, 2G4 
Alveoli, ventilation of, 238 
Amino acids, absorption, 450, 551 
deuterium-labeled, 559 
dietary essentials, 572 
dispensable, 571 
fates, 555 

gluconeogenesis, 561 
glycogenic, 561 
indispensable, 571 
in urine, 571 
ketogenic, 561, 571 
N'Mabeled, 559 
sulfur-containing, 564 
Ammonia and protein metabolism, 558 
Amnion, 890 
Amniotic fluid, 893 
Ampullury crests, 776 
Amylase, intestinal, 402 
pancreatic, 395 
salivary, 314 
Amylopsin, 395 
Androgens, 939 

carbohydrate metabolism and, 553 
Anemia, 33 
causes, 33 
macrocytic, 31 
pernicious, 30 
Anemic anoxia, 266 
A nostrum, 878 
Angiotonase, 185 
Angiotonin, 185 
Angstrom unit, 818 
Animal protein factor (APF), 6S3 
Anoxemia and regulation of respiration, 
280 

Anoxia, 265 
acute, 266 
anemic, 266 
anoxic, 266 
chronic, 266 
effects, 266 

erythrocyte formation and, 30 
fulminating, 266 
histotoxic, 266 
ischemic, 265 

resistance of nervous tissue to. 782 
stagnant, 266 
Anterior pituitary, 872 


carbohydrate metabolism and, 518 
hormones, 860, 861 
stress and, 870 

Antibiotics as growth stimulants, 685 
Anticholinesterase, 708 
Antidiuretic hormone, 496 
Antidromic nerve impulses, 204 
Antigravity muscles, 766, 770 
Antihormones, 862 
Antimetabolites, 684 
Antiperistalsis, 424 
Antipcrnicious anemia factor, 31,683 
Antithrombin, 51 
Antivitamins, 684 
Aortic bodies, 139 
circulation and, 211 
respiration and, 280 
Aortic nerve, 137, 208 
Aortic receptors, 137 
Apex beat, 102 
Apnea, 232 
Apoenzyme, 269 
Apoferritin, 661 
Aqueous humor, 817 
Arachnoid, 73 
villi, 75 

Archicerebellum, 762 
Archipallium, 7S0, 795 
Arterenol, 135. 811 
Arterial bleeding volume, 03 
Arterial pulse (.see Pulse, arteiial) 
Arteries, elasticity, 182 
Arterioles, chemical control, 212 
nervous control, 200 
tone, 200 

Arteriolovenular bridges, 156 
Arteriovenous anastomoses, 156 
Artificial insemination, 948 
Ascending tracts of spinal cord. 744 
Ascorbic acid, 6S3 
Asphyxia, definition, 265 
Aspiratory action, thorax, 242 
in regurgitation, 369 
Astigmatism, 824 
ATP. 127. 272, 526, 560, 563, 707 
and muscle, 708 
Atrial fibrillation, 152 
Atrial flutter, 153 
Atrial sound, 108 
Atrial systole, 103, 105 
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Atrioventricular bundle, 93 
Atrioventricular conduction system, 94 
Atrioventricular node, 92, 94, 131, 134, 
140, 147 

Attitudinal reflexes, 771, 772 
Auditory area, 795 
Auditory hair cells, 834 
Auditory ossicles, 832 
Auditory path, 795 
Auricle, 831 

Automaticity, heart, 124 
intestinal movements, 430 
respiratory center, 277 
stomach movements, 343 
Autonomic nervous system, 802 
afferent paths, 812 
central representation, 812 
craniosacral division, 809 
hypothalamus and, 812 
thoracolumbar division, 804 
terminology, 802 
Axon, 714 
reflex, 205 

Bacteria in digestion. 333, 378, 415, 417 
Bainbridge reflex, 138, 146 
Balance, of energy, 615. 616 
of matter, 657 
Ballistocardiography, 114 
Band cells, 43 
Baroceptors, 208 
Basal ganglia, 778 

Basal metabolism (see Metabolism, 
basal) 

Basilar membrane, 835 
Basophils, 43 
Bell-Magendie law, 754 
Benzoic acid, glycine and, 570 
Beta-hydroxybutyric acid, 23, 594 
Beta-oxidation, fatty acids, 592 
Bile, 405 

absorption and, 409, 448 
amount, 405 

ns digestive secretion, 408 
cholesterol of, 409 
composition, 405, 406 
fowl, 441 

intestinal putrefaction and, 409 
methods of obtaining, 405 
pigments, 406 


erythrocyte destruction and, 32 
place of formation, 33 
significance, 408 
pressure, 411 
salts, 409 
secretion, 406, 410 
specific gravity, 406 
vitamin K absorption and, 677 
Biliary system, extrahepatic, 411 
Bilirubin, 406 
formation, 47, 407 
in plasma, 19 
Biliverdin, 406 
Binocular vision, 829 
Biological value of protein, 574 
Biotin, 681 

Birds (see also Chicken, Fowl, Hen) 
air sacs, 286 

composition of air in, 287 
effect of COi inhalation on, 289 
lungs, 287 
respiration, 286 
Blacktongue, 680 
Bladder, emptying, 500 
filling, 500 
innervation, 500 
Bloat, 384 

cause of death in, unknown, 385 
salivary reflex and, 384 
theories, 384 
Blood, 18 

absorption via, 447 
cells, 18 
volume, 19 
circulation, 92 

coagulation (sec Coagulation, blood) 
color, 18 

composition, 48, 49 
defibrinated, 54 
fat, 581 
flow, 156 

microscopic studies, 158 
pulmonary, 188 
renal, 495 
functions, 18 
gases, 249 

amount in physical solution, 252 
diffusion, 264 
extraction, 249 
partial pressure, 263, 26-1 
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volumes, 219 
glucose, 520 

fasting and, 536 
hepatic threshold, 510 
liver and, 533 
rumen and, 521 
groups, 29 
hemolysis, 26 
loss, 62 

osmotic pressure, 27 
pH, 21, 182 

plasma, 18 

composition, 17, 48 
reaction, 21, -182 
regulation, 22, 482 
reservoir, spleen, 46 
sedimentation, 20 
serum, 18 
specific gravity, 20 
substitutes, 64 

sugar, how added to blood, 522 
hunger and, 345 
rumen motility nnd, 359 
suspension stability, 20 
tissue fluid and, interchanges, 71 
vascular system, 156 
volume, 59 
age and, 63 
body weight and, 60 
dye method, 60 
pregnancy and, 64 
tagged erythrocyte method, 60 
Blood pressure, 170 
ausculatory method, 180 
beat of heart and, 181 
data, 176. 177 
diastolic, 172, 175 
elasticity of arteries and, 182 
end, 171 
lateral, 171 
mean, 172. 175. 179 
methods, 170 
clinical, 179 

peripheral resistance and. 182 
production, 181 
respiratory variations, 244 
systolic, 172, 175 
volume of blood and, 183 
waves on grnphic record, 172 


Blood velocity, 162 
arteries, 167 
capillaries, 167 
differences explained, 169 
linear, 165 
veins, 167 

Body fluids, composition, 477 
Body temperature, 637 
Bone marrow, bile pigment formation 
in, 33 

erythrocyte formation in, 29 
hyperplasia, 31 
Boyle’s law, 4, 252 
Brain, energy exchange, 783 
metabolism, 7S2 
respiratory quotient, 782 
Brain-stem, 758, 759 
Breathing cycle, complementary, 234 
Broodiness, 932 
Brunner’s glands, 398 
Buffer systems, 482 
Buffy coat, 52 

Bulbospinal animal, 749, 766 
Bulbo-urethral gland, 942 
Bundle-branch block, 147 
8-vitamins, 677 
as coenzymes, 273 
hematopoiesis and, 30 

Calciferol, 673 
Calcium, 655 
blood coagulation and, 53 
deficiency, 659 

effect on heart, 126, 150, 152. 153, 151 
functions, 658 

metabolism and radiocalcium, 65S 
serum, 655 

parathyroids and, 858 

parturient paresis and, 659 
vitamin D and, 673 
Calcium : phosphorus ratio, 657 
Calf, abomasum, 387 
alkali reserve, 22 
course of liquids in stomach, 361 
decerebrate, 362 
diabetes, experimental, 544 
effect of shnm feeding, 3SS 
esophageal groove, 362 
gastric juice, 3S8 
length of intestine. 302 
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Calf (cont.) 
low-carotene diet, 672 
low-potassium diet, 666 
magnesium deficiency, 660 
maximum nonfibrillating current, 151 
measuring energy metabolism, 619 
motility of cecum and colon, 429 
Pavlov pouch, 388 
prcgastric changes in milk, 316 
regurgitation in, 372 
rickets, 674 

secretion of gastric juice, 388 
sucking, 304 

synthesis of B-vitamins, 678 
thyroid extract, action of, 858 
Calorigenic effect of food, 616, 628 
Calorimeter, closed-circuit, 618 
open-circuit, 617 
Calorimetry, direct. 619 
Haldane method, 617 
indirect, 617 
Capillaries, 156 
circulation in, 158, 159 
control, 213 
number, 156 
pressure in, 69, 177, 490 
Carbamino hemoglobin, 261 
Carbohydrate, absorption, 450 
heat value, 615 
metabolism, 519 
adrenal cortex and, 548 
androgens and,553 
anterior pituitary and, 548 
glucose concentration and, 538 
glycogen, 529 
glycolytic cycle, 524 
interrelationships, 546 
kidney and, 535 
regulation, 538 
respiratory quotient, 621 
somatotrophic hormone and, 549 
sugar tolerance, 551 
tricarboxylic acid cycle, 525 
Carbon dioxide, dissociation curves, 257 
of digestive origin, 247 
transport in blood, 257 
as bicarbonate, 257 
as carbamino hemoglobin, 261 
bicarbonate-chloride shift, 259 


carbonic anhydrase and, 260 
in physical solution, 257 
potassium in red cells and, 259 
Carbonic anhydrase, 260, 329, 497 
Carbon monoxide poisoning, 38, 39, 266 
Carboxyhemoglobin, 38, 41 
Cardia, 321 

Cardiac cycle, 102, 103, 104 
Cardiac glands, 324 
Cardiac output. 111, 118 
Fick procedure, 112 
flowmeter and, 112 
regulation, 115 
work and, 114 
Cardiac reserve, 119 
Cardiometer, 111 
Carotene, 670 
Carotid bodies, 139 
circulation and, 211 
receptors in, 138 
respiration and, 280 
Cat: 

blood pressure, 176 
blood volume, 59 
coagulation time, 55 
color of plasma, 19 
deglutition, 318 
digestive tract, 300 
erythrocyte, count, 24 
diameter, 23 
fragility, 27 

glomeruli, number, 487 
heart rate, 143, 145 
hematocrit, 20 

hemoglobin content of blood 36 
hidden motor cortex, 789 
leukocyte count, 45 
molecular weight of hemoglobin, 3-1 

motion sickness, 777 

placing reactions, 773 

plasma proteins, 50 

platelet count, 44 

reactions to hot atmospheres, 6-18 

rectal temperature, 638 
reproduction, 919, 930 
respiratory center, 274 
respiratory frequency, 245 
reticulocyte percentage, 30 
somatic receiving area, 793 
specific gravity of blood. 20 
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spleen, 47 

stomach emptying, 336 
sympathectomy, 807 
tetany, 857 

urine, specific gravity, 502 
Cathode ray oscilloscope, 97, 719, 720 
Caudate nucleus, 778 
Cecum, 3S0, 416, 425, 126 
fowl, 442 
Cell, 3 

membrane, biophysics, 95 
Cellulose digestion, 378, 417, 519 
fowl, 412 

Central excitatory state ( c.e.s .), 753 
Cerebellum, 758, 762 
corpus cerebelli, 762 
deficiency signs, 764 
electrical stimulation, 705 
experimental removal, 763 
flocculonodular lobe, 762, 763 
functions, 763 
peduncles, 763 
postural reflexes, 763 
Cerebral cortex, 758, 778 
afferent paths, 7S7 

electrical changes and afferent stimu¬ 
lation, 793 

localization of function in, 785 
methods of studying. 781 
motor area, 788 
motor system from, 786 
sensory areas, 792 
structure, 7S0 
strychnine applied to, 792 
Cerebral hemispheres, 778 
association fibers, 779 
commissural fibers, 779 
projection fibers, 779 
removal of, 783 
white matter, 779 
Cerebrospinal fluid, 73 
absorption, 75 
amount, 76 
circulation, 75 
composition, 73 
formation, 74, 76 
functions, 77 
movement of, 75 
origin, 74 
pressure, 75 


vitamin-A deficiency and, 75, 672 
Cervix, 896, 897 
Charles’ law, 5 
Chemical regulation, 819 
heart, 140 

heat production, 614 
respiration, 279 
Chemical sense, common, 738 
Chemical stimuli, 715 
Chemical transmission, 806. 811 
Chewing, 304 

Chicken (sec also Birds. Fowl, Hen): 
absorption of glucose, 451 
blood sugar, 521, 522 
blood volume, 62 
chemical composition of blood, 49 
color filters, 82S 
crop, functions, 435 
deglutition, 434 
digestion, 431 
erythrocyte, count, 24 
fragility, 27 
heart rate, 143, 145 
hematocrit value, 20 
hemoglobin values, 36 
kidney, 505 
leukocyte count, 45 
motion sickness, 777 
reaction to hot atmosphere, 619 
rectal temperature, 638 
respiratory quotient and fasting, 621 
rhythmic contractions in intestine, 421 
urine, 505 

Chlorine, metabolism, 665 
Cholccystokinin, 412 
Cholesterol, 49, 409, 450 
Cholic acid, 408 
Choline. 590, 6S2 

Cholinergic nerve fibers, 13 1 . 3US. 431 

512, 811 

Cholinesterase, 811 

Chorda tyinpani, 203, 204, 307, 308 
Chorea, 779 

Chorion, 890, 892 
Chorionic gonadotrophin, 905 
Choroid plexus, 74 
Chromatic aberration, 821 
Chronaxie, 708 
Chyle, 449 

Chylomicrons. 449. 580 
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Chyme, 392 
Chymotrypsin, 394 
Ciliary muscle, 822 
Circulation, 91 
coronary, 121, 157 
course of, 91 
fetal, 892 
gravity and, 186 
historical, 158 
hydrostatic effect, 186 
orthostatic failure of, 187 
periphery of, 175 
portal, 157 
pulmonary, 157, 188 
systemic, 157 
time, 114, 163 
Citrovorum factor, 31, 682 
Claustrum, 778 
Climacteric, 880 
Cloaca, 505, 5C6 
Coagulation, blood, 52 
calcium and, 53 
chemical changes, 52 
citrate and, 57 

factors hastening and preventing, 56 

fibrinogen, 53 

fluoride and, 57 

oxalate and, 57 

physical changes, 52 

prothrombin and, 53 

theory, 55 

thromboplastin, 53 

time, 55 

in sweet-clover disease, 57 
vitamin K and, 53 
Cobalt, 664, 665 

vitamin B 1S and, 683 
Cochlea, 831, 832, 834 , 835 
Coenzyme, 269 
Coition, 945 
Colloids, 15 
Colon, 414, 416, 424 
Color-blindness, 827 
Color vision, 827 
in animals, 828 
Colostrum, 912 
immunity and, 51 
Compensatory pause of heart, 129 
Complemental air, 236 
Complete heart block, 147 


Conditioned responses, 796 
Conduction and heat loss, 640, 641, 651 
652 

Conduction systems, afferent, 757 
efferent, 758 
Cones, 825, 826 
Contracture, 711 

Convection and heat loss, 640, 641, 
651, 652 

Convergence of conduction paths, 748, 
751 

Convex lens, 819 
Copper in metabolism, 663, 664 
molybdenum and, 664 
Cornea, 815 

Coronary circulation, 121 
Corpus luteum, 882 
Corpus striatum, 778 
Cortical localization, 785 
Corticospinal tracts, 745, 746, 791 
Corticosterone, 866 
Cortisone, 866, 870 
in ketosis, 601 
Costal breathing, 232 
Cow ( includes other bovincs; see also 
Ruminant): 

alkali reserve of blood, 22 
amount of urine, 504 
atrioventricular bundle, 94 
avitaminosis A, 671 
bloat, 384 

carbon dioxide dissociation curve, 258 
blood pressure, 173, 176, 181 
blood sugar and fasting, 536 
blood volume, 59, 60 
Brahman, heat tolerance, 653 
calcium balance, 658 
calcium : phosphorus ratio, 657 

cnrdiac output, 113 
cerebrospinal fluid, 74 
pressure, 75 

chemical composition of blood, 49 

chlorine balance, 658 

color of plasma, 19 

critical temperature, 632 

effect of rations low in vitamin 

675 

electrocardiogram, 99, 101 
environmental temperature anc, 
erythrocyte, count, 24 
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diameter, 23 
feces, 419 

*ns formation in rumen, 3S3 
glomeruli, number, 487 
glucose tolerance, 552 
growth curve, 954 
growth of embryo, 953 
heart rate, 113, 144 
heat loss, 651 
heat tolerance, 619 
of Brahman cow, 653 
hematocrit value, 20 
hemoglobin content of blood, 36 
hormonal control of lactation, 90S 
hyperkeratosis, 672 
insensible loss and metabolic rate, 631 
jaw movements, 305 
jugular pulse, 196 
ketosis, 23, 596 
letting down of milk, 910 
leukocyte count, 45 
magnesium balance, 658 
milk, secretion, 907, 911 
composition, 913 
mineral balances, 657, 658 
motion sickness, 777 
myoglobin, 38 
nitrogen balance, 576 
omasum, 363 

osmotic pressure of blood, 27 
ovum, two-cell stage, SS8 
ovum transfer, 896 
oxygen dissociation curve, 255 
oxyhemoglobin crystals, 35 
parturient paresis, 659 

passage of food residues, 365. 366 
pH of blood, 21 
phosphorus balance, 658 
placenta type, 891 
plasma proteins, 50 
potassium balance, 658 
pregnancy diagnosis, 905 
prehension of food, 303 
pressure changes, in reticulum and 
vicinity, 359 
in rumen, 371 
primary ketosis, 601 

reaction to hot atmosphere 617 618 
650 

rectal temperature, 638 


regurgitation, 370 
optical recording, 374 
relation of insemination to concep¬ 
tion, 924 

reproduction, 917, 918 
reproductive cycles, 923 
respiratory frequency, 215 
rumen, gn«es, 3S2 
temperature, 381 
rumination, 368, 375 
saliva, amount, 312 
composition, 314 
secondary ketosis, 602 
sedimentation rate of blood, 20 
sodium balance, 658 
sodium chloride functions and re¬ 
quirements, 666 
specific gravity, of blood, 20 
of erythrocytes, 20 
stomach digestion, 352 
sweat glands, 510 
tidal air, 236 

traumatic gastritis, 366. 367 
urine, 504 
pH, 503 

specific gravity, 502 
uterine muscle, contractions, f85 
vaginal epithelium, 898 
volatile acids in ingesta, 3S0 
water content and age, 472 
Cranial nerves, 760 
Creatine, 562, 708 
Creatinine, 563 
Cretinism, 854 

Critical temperature, 631. 614 
Crop, digestion in, 435 
functions, 436 
motility, 437 

passage of ingesta from, 436 
reaction of contents, 436 
Crossed extensor reflex, 757 
Crystalloids, 15 
Cupola, 777 
Curare, 707 

CyanoeobaInmine (vitamin B„),6S3 

Dalton’s law, 251 
Dead space, 238 
Deamination, 555 
Decerebrate animal, 749 



INDEX 


996 

Decerebrate rigidity, 766 
muscle tonus in, 767 
release phenomenon, 767 
sources of inhibition, 768 
Decompression sickness, 253 
Decortication, 783 
Deep sensation, 739 
Defecation, 433 

Defibrillation of ventricles, 151 
Defibrinated blood, 54 
Deflation receptors, 278 
Deglutition, 316, 317 
center, 319 
in chicken, 434 

inhibition of respiration and, 282 
nervous control, 319 
passage of bolus, 318 
Dehydrogenases, 26S 
Demonstrations, lecture, 959 
absorption, 983 

from various places, 970 
absorption spectra of hemoglobin, 969 
accessory respiratory movements, 978 
adjustable slit, 969 
agenesis of cerebellum, 985 
agglutination of erythrocytes, 968 
alimentary tract of chicken, 9S3 
anemic anoxia, 978 
anesthesia in, 966 
animal experimentation, 966 
anoxic anoxia, 978 
aortic and carotid sinus reflexes, 974 
arterial pulses, 976 
automaticity of heart, 973 
bile secretion, 982 
blood gases, 978 
blood plasma, color, 967 
blood plasma and cells, 967 
blood pressure, 975, 976 
indirect method, 976 
blood serum and clot, 967 
carbon monoxide poisoning, 968 
cardiac cycle, 972 
cardiac pulsation, 972 
carotid sinus reflex, 974 
cerebellar functions, 985 
cerebrospinal fluid, 971 
coagulation of blood, 970 
color of arterial and venous blood, 
968 


conditioned salivary response, 980 
decerebrate rigidity, 985 
decorticate pigeon, 986, 987 
deglutition, 980 
effect of anesthesia on, 980 
development of, 959 
electrical changes of heart and muscle, 
971 

energy metabolism, 983 
euthanasia, 976 
expired air, 978 
flow of a liquid in tubes, 975 
gastric juice, 980 
genesis of tetanus, 984 
gravity model, 976 
hearing, 987 
heart sounds, 972 
hemagglutination, 968 
hematocrit, 967 
hemolysis, 968 
hypercapnia, 979 
hyperoxygenation, 979 
insensible water loss, 983 
intestinal motility, 982, 983 
intestinal secretion, 982 
intranasal pressure variations, 978 
intrathoracic pressure, 978 
intravenous injection in, 967 
investigatory reflex, 985 
isolated intestinal segment, 982 
mammalian heart in situ, 975 
mechanism of inspiration and expira¬ 
tion, 977 

model, for cardiac output, 972 
of circulation, 975 
of thorax, 977 
muscle experiments, 984 
muscle sounds, 972 
nerve-muscle experiments, 984 
pacemaker of frog heart, 971 
pancreatic secretion, 982 
pepsin, 981 

perfusion of mammalian heart, 974 
plasma carbon dioxide, 978 
plethysmograph, 977 
postural reflexes and reactions, 985 
projection technics, 961 
carbon arc lamp, 964, 965 
horizontal projector, 962, 963 
microprojection, 965 
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opaque projector, 963, 961 
optical projection, 965 
shadow projection, 964, 965 
vertical projector, 961, 962 
properties of heart muscle, 973 
purposes, 959, 960 
purring, 978 

rabbit in vertical position, 976 
receptors, 984 
reflex action, 984 , 985 
regulation of respiration, 979 
regurgitation, 982 
respiratory volumes, 977 
righting reflex, 985 
rumen, fistula, 981 
gases, 981 
motility, 981 
salivary amylase, 980 
secretion of gastric juice, 9S1 
secretion of saliva, 979 
sedimentation rates, 968 
sinus arrhythmia, 975 
skeletal muscle contraction, 974 
slowing of heart, 974 
sound amplification, 966 
sources of equipment, 987 
spinal shock, 9S5 
spleen experiment, 970 
spoon manometer, 972 
stomach motility, 9S1 
synaptic functions, 984 
temperature, effect on heart, 975 
regulation, 9S3, 987 
thirst, 981 
turtle heart, 971 
urine secretion, 9S3 
vasomotor mechanisms, 977 
venous pulse, 976 
vision, 987 
wnlking reflex, 985 
Dendrite, 714 
Depressor nerve, 137, 208 
Depressor reflexes, 207 
Dermatome, 813 

Dcxtran as plasma volume expander, 65 
Diabetes insipidus, 496 
pancreatic, 543 
Diulysis, 10, 15 
Diaphragm, 229 
Diastole of ventricle, 105 


Diastolic murmurs, 110 
Diastolic pressure, 180 
Dicoumarol and sweet-clover poisoning, 
58 

Dicstrum, 877, 878 
Diethylstilbestrol, 906 
Diffusion, 5 

lymph formation and, 71 
Digestion. 297, 303. 322, 352. 392, 414, 
434 

coefficient, 417 
definition, 297 
factors of. 297 
in chicken, 434 

Digestive tract, capacity, different spe¬ 
cies, 301 
Dilemma, 751 

Diodrast and renal clearance, 495 
Direct calorimetry’, 619 

Divergence of conduction path, 748, 751 
Dog: 

afferent paths to thalamus and cortex, 
787 

amount of urine, 504 
arterial bleeding volume, 63 
blood flow in different vessels, 165, 
168 

blood gases, 250 
blood pressure, 176, 178, 180 
blood volume, 59, 60 
cardiac output, 113 
cerebrospinal fluid, pressure, 75 
rate of formation, 76 
chemical composition of blood, 49 
circulation time, 163 
coagulation time, 55 
color of plasma, 19 
composition of liver bile, 406 
conditioned responses, 798 
cortical motor system, 786 
critical temperature, 632 
deglutition, 318 
depressor reflex, 209 
digestive tract, 300, 301 
electrocardiogram, 99, 100, 109 
erythrocyte, count, 24 
diameter, 23 
fragility, 27 

gastric gland regions, 323 
gastric pouches, 326 
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Dog (cont.) 

glomeruli, number of, 487 
Goltz’s decorticate, 784 
heart rate, 143, 145 
heart sounds, 109 
heat increment, 629 
hematocrit value, 20 
hemoglobin content of blood, 35, 36 
hemophilia, 58 
hemorrhage, 62 
hunger contractions, 345 
innervation of esophagus, 320 
length of life of erythrocytes, 32 
leukocyte counts, 44, 45 
linear blood velocity, 168 
maximum nonfibrillating current, 151 
mechanics of respiration, 233 
molecular weight of hemoglobin, 34 
motion sickness, 777 
nervous regulation of bladder, 501 
osmotic pressure of blood, 27 
ovum, four-cell stage, 889 
oxyhemoglobin crystals, 34 
parathyroid tetany, 857 
percentage utilization of blood oxy¬ 
gen, 251 
pH of blood, 21 
placenta type, 891 
plasma proteins, 50 
platelet count, 44 
pneumothorax, 243 
potassium deficiency, 667 
prehension of food, 303 
protein content of serum and lymph, 
68 

prothrombin time, 56 
psychic secretion of saliva, 310 
reactions to hot atmospheres, 6-17, 
648 

rectal temperature, 638 
regulation of heart rate, 136 
reproduction, 918, 927 
reproductive cycles, 929 
respiratory frequency, 245 
respiratory minute volume, 237 
reticulocyte percentage, 30 
salivary secretion, 307 
secretion pressure of kidney, 491 
sedimentation rate, 20 


sinus arrhythmia, 146 
somatic receiving area, 793 
specific gravity of blood, 20 
spleen, 47 

starch digestion, 316 
subcortical motor system, 769 
sweat glands, 510 
sympathectomized, 808 
temperature gradients in, 639 
thirst, 348 
tidal air, 236 
upper pitch limit, 836 
urine specific gravity, 502 
vaginal epithelium, 899, 900 
venous pressure, 178 
vomiting, 350 
water drinking, 349 
Donnan equilibrium, 14 
Drinking, 304 
Ductus deferens, 941 
Duocrinin, 405 
Duodenal glands, 398, 403, 404 
Duodenal juice, amount, 404 
control of secretion, 404 
enzymes, 404 
pH, 404 

Dural venous sinus, 76 
Dura mater, 73 
Dyspnea, 232 

Ear, 831 

Ectopic beats, 132 
Edema, 73 
Effector, 739 
end-organ, 740 

EfTcrent conduction systems, 758 
Efficiency, of animal as converter of 

food, 956, 957 
of heart, 119 
of muscular work, 631 
Egg formation, fowl, 930 
Ejaculation, 913 
Elasticity of arteries, 182 
Electrical activity, of brain. 781 
of heart, 93, 95, 96 
of muscle, 705 
of nerve, 719 
Electrical manometer, 174 
Electrical stimuli, 715 
Electric shock, effect on heart, 150 
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Electrocardiogram. 97, 100 
clinical significance, 101 
deflections, 98, 99. 100 
in arrhythmias, 146, 147, US, 1 19 
intervals, 99, 100 
Electrocardiograph, 96, 97 
Electroencephalogram, 7S1 
Electrokymography, 114 
Electrolytes, 476 
balance, 479 
function, 479 
loss, 481 

of extracellular fluid, 47S 
of intracellular fluid, 478 
replacement, 481 
Electromagnetic stimuli, 715 
Electroretinogram, 826 
Embryo, nutrition of, 891 
Emetics, 351 
Emulsoid, 16 
Endocrine organs, 849 
general considerations, 871 
Energy, forms, 3 
income, 615 
metabolism, 615 
outgo, 616 
Enterocrinin, 403 
Enterogastrone, 333 
Enterokinase, 402 
Enzymes, 4 
digestive, table. 299 
of alimentary tract, 299 
Eosinophils, 42 
Epididymis, 940 
Epiglottis, olfaction and, 838 
swallowing and, 318 
Epinephrine (sec Adrenaline) 
Epithalamus, 761 

Epithelial changes in vitamin-A defi¬ 
ciency, 671 
Erection, 943 
Ergosterol, activated, 673 
Eructation in ruminant, 382 
and bloat, 383 
Erythrocytes, 18, 23 
composition, 25 
destruction, by hemolysis, 33 
iron metabolism and, 32 
phagocytosis, 33 


Rous's theory', 32 
fate, 31 
fragility, 27 
length of life, 31 
maturation, 31 
numbers, 24 
dog, 24 
mare, 25 

pathological conditions, 24 
variations, 24 
origin, 29 
size, 23 

specific gravity, 20 
spleen and, 47 
structure, 23 
surface area, 24, 25 
Erythropoiesis, 29 
stimulus, 30 

Esophageal groove, 354, 370 
action of chemicals, 361 
analysis of reflex, 362 
course of liquids, 360 
reflex closure, 361 
Esophagus, innervation, 319 
peristalsis in, 319 
structure, 316 
Estradiol, 867, 895, 900, 908 
Estriol, 900 
Estrogen, 900, 902, 955 
synthetic, 905 
Estrone, 900 

Estrous cycle, 875, 877, 879 
Estrus, 876, 878 
Euglobulin, 50 
Eupnea, 232 
Eustachian tube, 832 
Exercise, hyperpnea and, 282 
Expiration, active, 232 
mechanism, 231 
muscles, 232 
physical factors, 231 
Expiratory center, 274 
Expired air, composition, 247 
physical changes in, 249 
Extensor thrust reflex, 756 
Exteroceptive pathways, 758 
Exteroceptors, 733 

Extracellular fluid, 18, 67, 471, 473, 481 
Extrapyramidal cortical projections 
791 
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Extra pyramidal system, 791 
Extrinsic factor, 31, 083 
Eye, accommodation, 821 
adequate stimulus, 817 
anatomy, 815 
contents, 816 

electromagnetic waves and. 818 
image formation, 817, 820 
optical defects, 820 
pupillary changes, 822 
refraction, 819 
tunics, 815 

Facilitation, 751. 752, 753 
Fallopian tubes, 883 
Fasciculus cuneatus, 744 
Fasciculus gracilis, 744 
Fasciculus proprius, 747 
Fat, absorption, 448, 580 
lipolytic hypothesis, 449 
partition hypothesis, 449 
deposition, 956 
dynamic state, 587 
foreign, 584 

formation, from protein, 587 
heat value, 615 
metabolism, 580 
interrelationships, 546 
isotopic tracers and, 587 
liver and, 581, 589 
mobilization, 591 
oxidation, 591 

passage between blood and tissues, 
582 

respiratory quotient, 621 
storage, 582, 583 
significance, 584 
transport, 580 

Fatty acids, beta-oxidations, 592 
interconversions, 588 
oxidation, 592, 594 
synthesis, 592 
Fatty liver, 589, 591 
Feces, 418 

Female generative organs, 875 
Female reproductive mechanism, hor¬ 
mones and, 902 
Ferrihemoglobin, 39 
Ferritin, 661 
Ferroheme, 34 


Ferrohemoglobin, 33 
Fertilization, 887 
Fetus, growth of, 894 
lungs, 236 
Fever, 653 

metabolic rate and, 65? 
van’t Hoff law and, 653 
Fibrillation, atrium, 152 
heart, 149, 150 
Fibrin foam, 56 
Fibrinogen, 50 
coagulation and, 53 
Filtration, 5 
in lymph formation, 69 
in urine formation. 491 
Final common path, 751, 775 
Flexor reflex, 756 

Flow of liquid, in elastic tubes, 161. 
162 

in rigid tubes, 159, 162 
Fluid compartments of body, 472, 473, 
478 

Fluorine, 668 
poisoning, 668 
Folic acid, 31, 682 
Folinic acid, 31, 6S2 
Follicle-stimulating hormone, 861, 902, 
903 

Food, components of, 298 
residues, rate of passage, 432 
Forcbrain, removal of, 783 
Fovea centralis, 826, 827 
Fowl (see also Birds, Chicken, Hen): 
bile, 441 
blood pH, 21 
blood pressure, 176, 181 
cecum, 442 
coagulation time, 55 
conduction system of heart, 95 
digestion, 434 

effects of removal of ceca, 443 
gastric juice, 438 
hemoglobin content of blood, 36 
hormones in reproduction, 932 
innervation of stomach and intestine 

443 

intestinal juice, 441 
pH of intestinal contents, 442 
rate of passage of ingesta, 444 
reproduction, 930 
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respiration frequency, 2-15 
Fox, reproduction, 919, 930 
Fragility of erythrocytes, 27 
Freemartin, 932 
Freezing point method, 8 
Fundic glands, 324 

Gallblndder, 411 
concentrating action, 412 
emptying of, 411 
functions, 412 
Gall stones, 410 
Gas, absorption by skin, 509 
exchange, in lungs, 261 
in tissues, 261 
laws, 4. 251 

Gases, of blood (see Blood gases) 
of rumen, 382 

of tissues, partial pressure, 263 
Gastrectomy, effects, 322 
Gastric glands, 323 
Gastric lipase, 329 
Gastric mucous membrane, 323 
Gastric mucus, 333 
Gnstric pouches, 327 
Gastric secretion, cephalic phase, 330 
gastric phase, 331 
histamine and, 332 
humoral stimulation, 331 
intestinal phase, 332 
mechanical stimulation, 331 
relative importance of phases. 332 
Gastric sensation, 347 
Gastric juice, 325 
action, 327 
chicken, 438 
composition, 327 
control of secretion, 330 
hydrochloric acid, 329 
methods of obtaining, 325 
Gastrin, 331 
Gel, 16 

Geniculate bodies, 761 
Gigantism, 861 
Gizzard, 439 
effects of removal, 439 
movements, 439 
pH of contents, 439 
significance of grit, 440 
Globin, 33 


Globus pallidus, 778 
Glomerular filtration rate, 491 
Glomerular intermittence, frog, 48S 
mammal, 488 
Glomerulus, 4S6 
number, 487 
Glottis, 239, 240, 241 
Glucogen, 542 
Gluconeogenesis, 561 
Glucose, blood, 520 
necessity for, 535 
nitrogen ratio, 562 
oxidation, 526 
phosphorylation, 526 
tolerance, 551 

Glycine, glycocholic acid and, 40S 
Glycogen, 529 

formation, 531, 532, 533 
liver, 530 
muscle, 530 
Glycogenosis, 531 
Glycolysis, 271, 528 
Glycolytic cycle, 524 
Goat (see also Ruminant): 
nbomasal motility, 364 
amount of bile secreted, 406 
bile secretory pressure, 411 
blood gases, 250 
blood lipids, 581 
blood pressure, 176 
blood volume, 59, 61 
chemical composition of blood, 49 
coagulation time, 55 
color of plasma, 19 
composition of milk, 913 
congenital myotonia, 789 
diabetes, experimental, 544 
digestive tract, 300, 301 
erythrocyte, count, 24 
diameter, 23 
fragility, 27 
surface area, 25 
experimental hypertension, 184 
gastric juice, 387 
goiter, 852 

growth of embryo, 953 
heart rate, 143 
hematocrit value, 20 
hemoglobin content of blood, 30 
intestinal motility, 428 
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Goat (coni.) 
leukocyte count, 45 
motor area, 789 
osmotic pressure of blood, 27 
oxygon percentage utilization, 251 
placenta type, 891 
plasma proteins, 50 
pulmonary arterial pressure, 188 
rectal temperature, 638 
reproduction, 918, 926 
respiratory frequency, 245 
respiratory reflexes, 284 
somatic receiving area, 794 
tetany, 857 
tidal air, 236 

urine, specific gravity, 502 
venous pressure, 178 
zone of thermal neutrality, 632 
Goiter, 852, 853 

Gonadotrophins, pregnancy, 904 
Graafian follicle, 876, 881, 900 
Granulocytes, 42 
Gravity, effect on circulation, 186 
Growth, 952 
curves, 953 

endocrine control, 953 
gradients, 954 
hormone, 860, 953 
Guttural pouch, 832 

Hearing, 831 
mechanism, 835 
range, 836 
stimulus, 833 
Heart, 91, 124 
accelerator center, 136 
accelerator nerves, 134 
action, of adrenaline, 140, 141 
of ions, 125 
all-or-none law, 128 
aortic arch and reflex regulation, 137 
arrhythmia, 146 
ATP and, 127 
automaticity, 124 
buffer nerves, 138 
bundle-branch block, 147 
cause of beat, 124 
cerebral cortex and, 139 
chemical regulation, 140 


compensatory pause, 129 
conduction in, 92, 93 
system, subendocardial, 94 
defibrillation, 151 
diastole, phases, 106 
ectopic impulses, 95 
effect, of calcium, 152, 153, 154, 155 
electric shock, 150 
magnesium, 152 
potassium, 152 
temperature, 141 
efferent nerves, 130 
efficiency, 119 
electrical changes, 95 
detection, 96 
genesis of, 96 
excised, beat of, 124 
fibrillation, 149 
foodstuff oxidized, 127 
fundamental stimulus, 125 
hypothalamus and, 139 
inhibitory center, 136 
inhibitory nerves, 130 
chronotropic effect, 131 
inotropic effect, 131 
tonus, 136 

lactic acid utilization, 127 
law of, 117 
metabolism, 127 
minute volume, 112 
moderator nerves, 138 
murmurs, 110, 111 
muscle cells, permeability, 126 
myogenic theory, 124 
nervous regulation, 130 
neurogenic theory, 124 
origin of beat, 93 
output, 118 
pacemaker, 92 
premature beats, 129, 147 
Purkinje fibers, 94 
rate, 142 

basal metabolism and, 142 
factors affecting, 143 
muscular exercise and, 145 

reflexes, 136 
refractory period, 129 
regulatory centers, stimuli to, 13 

rhythmicity, 92 
sounds, 103,105,106. 107 
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modifications, 110 
recording of, 108 
staircase effect, 129 
stroke volume, 112, 114 
syncytial nature of muscle, 128 
systole, phases, 105 
thyroprotein effect on, 101 
tonus of centers regulating, 130 
treppe, 129 
valves, 91 

action of, 103, 104, 105 
venous return und rate, 138 
work, 119 
Heart block, 147 

Heart-lung preparation, 115, 11G, 141 
Heat, center, GIG 
increment, GIG, 628, G29 
cause, G30 

in different animals, G29 
loss, conduction, 640, 611, 651, 652 
convection, 640, 641, 651,652 
physical regulation, 643 
pilomotor mechanism and, 612 
radiation and, 640, 641,651. 652 
reduction of, 6-14 

vaporization of water, 640, 642, 651, 
652 

vasomotor mechanisms and. G41 
production, chemical regulation, 614 
increase of, 644 
in muscle, 710 
seat of, 637 
tolerance of cattle, 649 
units, 615 

values of foods, 615 
“Heat” (see Estrus) 

Heidenhain pouch, 327 
Hemagglutination, 28 
Hemal nodes, 47 
Hematocrit, 7, 19 
values, 19 

Hematopoiesis and B-vitarnins, 30 
Hematoporphyrin, 39 
Heme, 33 
Hem in, 39, 40 
Hemoglobin, 33 
absorption spectra, 41 
amount, 35, 30 
carbamiuo, 261 

carbon dioxide transport and, 259, 260 


composition, 34 
compounds, 33 
derivatives, 33 
iron content, 37 
molecular weight, 34 
muscle, 37 

of different species, 34 
oxygen dissociation curves and, 251 
oxygen transport and, 253 
percentage saturation with oxygen, 
254 

relation to red cell count, 37 
Hemolysis, 8, 26 
after agglutination, 28 
by freezing and thawing, 28 
by lowering osmotic pressure, 26 
by lowering surface tension, 28 
Hemophilia in dogs, 58 
Hemophilialike disease of swine, 5S 
Hemorrhage, 62, 197 

absorption from tissues after, 70 
circulatory changes after, 197 
Hen (sec also Birds, Chicken, Fowl): 
critical temperature, 632 
diabetes, experimental, 544 
diurnal variations of temperature, 640 
heat loss by vaporization. 613 
life span of erythrocytes, 32 
osmotic pressure of blood, 27 
plasma proteins, 51 
reactions to hot atmospheres, 647, 649 
serum calcium, 655 
Henry’s law, 252 
Heparin, 54 
Hepatectomy, 534 
Hering-Breucr reflex, 278, 288 
Hexestrol, 906 
Hippuric acid, 570 
Histamine, 196, 212 
Histiocytes, 32 
Histotoxic anoxia, 266 
Holoenzyme, 269 
Homeostasis, 18, 808 
Homeothermism, 63G 
physiological organization and, 637 
Hopping reactions, 774 
Hormones, 849 

female reproductive mechanism and, 
900, 901 

milk flow and, 910 
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Horse: 

alkali reserve, 21 
amount, of bile, 406 
of saliva, 312 
of urine, 504 

arterial pulse tracings, 190 
bilirubin concentration in plasma, 19 
blood pressure, 176. 181 
blood volume, 59, 61 
cardiac output, 113 
cerebrospinal fluid, 76 
chemical composition of blood, 49 
coagulation time, 55 
color of plasma, 19 
complete heart block, 147, 149 
decerebrate rigidity, 767 
deglutition, 318 
digestive tract, 300, 301 
electrocardiogram, 100, 109, 110, 111 
epiglottis in olfaction, 838 
erythrocyte, count, 24, 25 
diameter, 23 
fragility, 27 
sedimentation, 20, 21 
surface area, 25 
eyeball, 816 
feces, 419 
gastric fistula, 338 
gastric gland regions, 323 
gastric juice, 338, 339 
glucose tolerance, 552 
gonadotrophic hormone in pregnancy, 
905 

heart, rate, 143 
sounds, 109, 110, 111 
hematocrit value, 19 
hemoglobin content of blood. 36 
intestinal movements, 425, 427 
intrathoracic pressure, 241 
jaw movements, 305 
leukocyte count, 45 
methemoglobin in blood, 39 
motion sickness, 777 
motor area, 790 
osmotic pressure of blood, 27 
ovarian cycle, 917 
oxyhemoglobin crystals. 35 
partial heart block, 148 
pH of blood, 21 
placenta type, 891 


plasma proteins, 50 
platelet count, 44 
pregnancy diagnosis, 905 
prehension of food, 303 
pressure changes in heart, 107 
pulmonary arterial pressure, 188 
rate of passage of food residues, 432 
rectal temperature, 638 
respiratory cycle, 235 
respiratory frequency, 245 
roaring in, 231 
saliva, 311, 314 
seasonul reproduction, 904 
specific gravity, of blood, 20 
of urine, 502 
spleen, 47 

stomach, digestion, 334, 338 
movements, 342 
synthesis of B-vitamins, 678 
tidal air, 236 

vagus stimulation on heart and blocd 
pressure, 132 
vasomotor responses, 214 
vitamin-A deficiency, 672 
volatile acids in ingesta, 380 
Hunger, 344 

contractions and blood sugar level, 
346 

Hydrochloric acid of gastric juice, 329 
Hydrogen ion concentration, 11 
Hypercapnia in regulation of respira¬ 
tion, 280 

Hyperglycemia, stress and, 599 
Hyperkeratosis, 672 
Hyperlipemia, alimentary, 582 
Hyperopia, 824 
Hyperpnca, 232 
of exercise, 282 
Hypertensin, 185 
Hypertensinogen, 185 
Hypertension, constriction of renal ar¬ 
tery and, 183 
essential, 185 
experimental, 183 
neurogenic, 185 
renal, 183 

Hyperthyroidism, 854 
Hypertonic solution, 10, 26 
Hypnotoxin theory of sleep, 801 
Hypoglycemia in newborn pigs. w 
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Hypophysis (see Pituitary) 
Hypothalamus, 761. 812 
autonomic centers in, 812 
circulation and, 209 
food intake and, 317 
heat center in, 646 
Hypothyroidism, 852 
Hypotonic solution, 10 
and hemolysis, 26 
Hypoxia, 265 

Icterus index, 19 

Image formation by eye, 820 

Imbibition, 16 

Implantation in different species, S92 
Incisor teeth, 305 
Incomplete heart block, 147 
Indirect calorimetry, 617 
Indole, 415 

Inflation receptors, 277 
Inhibition in central nervous system 
754 

Inositol, 6S2 
Insemination, 945 
artificial, 948 

Insensible loss, water, 511, 643 
weight, 618, 634, 635 
Inspiration, diaphragm and, 229 
mechanism, 229 
rib movements, 230 
Inspiratory center, 274 
Inspiratory-excitatory reflex, 278 
Inspiratory-inhibitory reflex, 277 
Inspiratory muscles, 230 
Inspired air, 247 
Insulin, 542 
action, 544, 545 

hypoglycemic symptoms, 547 
Interbrain, 761 
Internal environment, 18 
Interneuron, 727, 751 
Interoceptor, 733 
Intersexes, 932 
Interstitial fluid, 18, 67, 554 
Intestine, absorption in, 445 
contents, methods of obtaining, 398 
digestion in, 392 
electrical activity, 421 
extrinsic nerves, 431 
fistulas, 399 


fowl, 440 
glands, 398 
gradients, 420, 423 
intrinsic nerves, 430 
juice, 39S 
action 401 
amount, 400 
composition, 399 
endo-enzymes, 401 
enzymes, 402 
fowl, 441 

methods of obtaining, 398 
regulation of secretion, 402 
large, bacterial action, 515, 517 
carnivores, 414 
detoxication, 415 
digestion, 414 
gases, 417 
herbivores, 416 
secretion, 414, 416 
length in different species, 300 
motility, 425, 427, 429 
nervous control, 430 
movements, 419, 424 
function, 419 
polarity, 423 
reaction, 413, 441 
vitamin synthesis. 677 
Intracellular fluid, 67 
pH, 481 

Intramuscular pressure, 70, 700 
Intra-ocular pressure, 817 
Intrapulmonic pressure, 239 
Intrathomcic pressure, 210 
data, 241 

effects on viscera, 241 
measurements, 240 
negativity, 240, 241, 242 
Intraventricular pressure, 105 
Intrinsic factor, 31, 322 
Inulin and renal clearance, 494 
Iodine, deficiency, S54 
thyroid and, 852 
Iodopsin, 827 
Iron, 661 

absorption, 662, 663 
content of hemoglobin, 37 
metabolism, 661 

erythrocyte destruction and, 32 
radioactive iron and. 662 
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Iron (coni.) 
occurrence in body, 661 
of blood, 37 
Ischemic anoxia, 265 
Isohemagglutination, 28 
Isotonic solution, 7, 10, 26 
Isotopes in fat metabolism, 587 
Itch sensation, 738 

Joint cavity, 77 
absorption from, 78 
Jugular pulse, 195 
Juxtaglomerular apparatus, 487 

Ketogenesis, metabolic reactions and, 
598 

Ketone bodies, 594 
from amino acids, 571 
renal threshold for, 595 
Ketosis, 22, 596 
ACTH in, 601 
caloric imbalance in, 596 
cortisone in, 601, 602 
disturbances in, 596 
glucose injection in, 601 
hormone preparations in treatment, 
601 

hypoglycemia as “trigger factor,” 598 
physiological basis of, 597 
therapy, 600 
Kidney, 485 

acid-base balance and, 483, 497 
acidification of urine and, 498 
artificial, 499 
blood flow, 495 
blood supply, 487 
capillary pressure, 490 
carbohydrate metabolism and, 535 
chicken, 505 
clearances, 494, 495 
corpuscle, 485 
filtration, 491 
pressure, 490 
functions, 485 
histology, 485 
hypertension and, 499 
methods of studying function, 489 
nerve supply, 488 
roabsorption in, 490, 493 


secretion, control, 498 
mechanism, 489 
substance, reduction of, 498 
vagus stimulation and, 492 
water, excretion, 496 
reabsorption, 496 
Knee-jerk, 756 
Korotkov, sounds of, 180 
Kuppfer cells, 32 

Labyrinth, acoustic, 831 
nonacoustic, 776 
Labyrinthine reflexes, 772 
Lactase, 402 

Lactic acid, glycolysis and, 271, 524, 
709 

Lactogen, 908 
Law, Bell-Magendie, 754 
of forward direction, 733 
of heart, 117 
of intestine, 422 
of surface area, 626 
van’t HofT, 631, 700 
Lecture demonstrations (see Demon¬ 
strations, lecture) 

Lens, 816 

Letting down of milk, 910 
conditioned stimuli and, 911 
Leukocytes, 18, 42 
band cells, 43 
basophils, 43 
classification, 42 
eosinophils, 43 
granulocytes, 42 
length of life, 43 
lymphocytes, 42 
monocytes, 42 
neutrophils, 42 
numbers, 44, 45 
segmented cells, 43 
Leukocytosis, 44 
Leukopenia, 44 
Light, 818 
Lipase, gastric, 329 
intestinal, 402 
pancreatic, 394 
Lipid, constant element, 582 
tissue, 582, 583 
dynamic equilibrium, 583 

variable element, 582 
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Lipocaic, 590 

Liponeogencsis, from carbohydrate, 585 
vitamins and, 586 
Lipotropic substances, 5S9, 6S2 
Liquor folliculi, 8S1, 900 
Liver, blood sugar and, 533 

erythrocyte formation and, 29 
fat metabolism and, 581, 5S9 
fatty, 5S9, 591 
function test, 412 
glycogen, 530 

homeostatic mechanism, 540 
Kuppfer cells, 32 
removal of, 534 
summary of functions, 405 
Locke’s solution, composition, 126 
Lungs, acid-base balance and, 4S3 
alveolus, 22S 
anatomy, 228 
elastic recoil, 240 
gaseous exchange, 2G1 
vaporization from, 042 
volumes, revised terminology, 237 
Luteinizing hormone, 861, 902 
Lymph, 18, 66 
absorption via, 447 
cells of, 68 
composition, 67 
crystalloids, 69 
flow, 72 
formation, 69 

colloid osmotic pressure and, 70 
diffusion and, 71 
filtration and, 70 
tissue activity and, 71 
nodes, function, 66 
proteins, 68 
vessels, 66 
Lymphocytes, 42 
length of life, 43 
Lymphocytosis, 44 

Macrophages, 32 
Maculae, 776 
Magnesium, GOO 
action of ion, 661 
heart and, 152 
in blood, 660 
nervous system and, 661 


tetany, 660 

Male generative organs, 936 
Male sex hormones, 939 
Maltase, 402 
Mammary gland, 907 
development, 907 
thyroid and, 856 
Mammillary body, 761 
Manganese, 667 
perosis and, 667 
Mastication, 304 
Maturation, erythrocytes, 31 
sex cells, 8S7 
Meat, quality of, 956 
M echanical stimuli, 715 
Medulla oblongata, 136. 200, 307, 759, 
760 

Membrane hypothesis of nerve conduc¬ 
tion, 723 

Membrane manometer, 172 
Membranous labyrinth. 775, 776 
Meninges, 73 
Menopause, 8S0 
Mercury manometer, 170 
Metabolic rate, environmental tempera¬ 
ture and, 631 
fever and, 653 
thyroid and, 851 
vnn’t Hoff law and, 631 
Metabolism, basal, 624, 677 

body w'eight and, 624, 625 
different species, 625, 626 
disease and, 633 
effects of food, 628 
lability, 628 
normal values, 624 
surface area and, 626 
measurements, 627 
brain, 782 
carbohydrate, 519 
effect of work on, 630 
energy, 615 
fat, 5S0 

insensible loss and, 631, 635 
mechanisms of, 523 
of licart, 127 
protein, 554 
Metabolite, 6S4 
Metartcrioles, 156 
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Metestrum, 876, 878 
Methemoglobin, 39 
absorption spectrum, 41, 42 
occurrence in blood, 39 
Micturition, 500 
Midbrain, 759, 760 

Milk, amount in udder at milking 
time, 912 

cellular elements, 913 
coagulation, 328 
composition, 912, 913 
fats, 913 

flow, duration, 914 

freezing point, 911 

lactose, 913 

let-down, 910 

origin of constituents, 913 

precursors, 913 

proteins, 913 

reaction, 911 

secretion, 907, 911 

hormonal control, 908 
increasing by use of hormones 
910 

pressure, 911, 912 
Minerals, 654 
balance, 658 

deficiencies, 651, 655, 656 
functions, 654 

Minute volume of circulation, 112 
Molar solution, 6 
Molar teeth, 305 
Molecules in solution, 4 
Molybdenum, copper nnd, 664 
Monocytes, 42 
Mononucleotides, 568 
Motion sickness, 765, 777 
Motoneuron, 727, 728 
Motor area, cerebral cortex, 788 
final common paths and, 791 
Motor projection fibers, 779 
Motor units, 704 
Mountain sickness, chronic, 267 
Mucus, gastric, 333 

Multiple-factor theory and respiratory 
ventilation, 282 
Murmurs, heart, 110, 111 
Muscle: 
skeletal, 697 


actomyosin, 710 
all-or-none principle, 703 
ATP and, 708 
chemical changes, 708 
contraction, 697, 711 
in intact animal, 702 
CP and, 708 
effect of load, 700 
electrical change, 705, 706 
energy exchanges, 708 
fatigue, 700 
foodstuff oxidized, 710 
graded response, 704 
heat production, 637, 710 
high-energy phosphate and, 709 
injury potential, 707 
innervation ratio, 704 
isometric contraction, 701 
isotonic contraction, 698 
mechanical response, 698 
motor unit, 704 
negative work, 702 
neuromuscular junction, 707 
oxygen debt, 710 
rigor mortis, 712 
spike potential, 705 
structure, 697 
temperature and, 700 
tetanic contraction, 702, 703 
thermal changes, 710 
tonus, 766, 770 
twitch, 698 
volume changes, 699 
smooth, 712 
contraction, 713 
rhythmicity, 712 
tonus, 712 

Muscular dystrophy, 676 
Muscular exercise and heart rate, 145 
Muscularis mucosae, motor activity, 
446 

Muscular work and protein metabolism, 
578 

Myelin, 715 

Myogenic theory of heart beat, 12 

Myoglobin, 37, 38 

Myohemoglobinuria, 38 

Myopia, 823 

Myosin, 710 

Myotatic reflex, 770 
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Negative supporting reaction, 771 
Neocerebellum, 762, 703 
Neocortex, 780 
Nephrectomy, 499 
Nerve, after-potential, 720 
ammonia production, 723 
carbon dioxide production, 722 
cell body, 728 

decrementless conduction, 717 
degeneration, 730 
electrical changes, 719 
fatigue, 721 
fibers, 714 

heat production, 721 
impulse, 716 

all-or-nonc character, 717 
frequency, 717 
magnitude, 717 
membrane hypothesis, 723 
nature of, 723 
spatial summation, 735 
temporal summation, 735 
velocity, 717, 720 
wave form, 717 
oxygen consumption, 722 
polurity, 723 
reversal of, 723 
refractory period, 718 
regeneration, 730 
spike potential, 204 

Nervous tissue, resistance to anoxia, 
782 

Neurofibrils, 730 

Neurogenic theory of heart beat, 124 
Neuromuscular junction, transmission 
at, 707 

Neuron, 714, 725 
circuit, closed, 751, 752 
simple, 752 
doctrine, 727 
sympathetic, 803 
Neutrophils, 42 
Niacin, 679 
Nicotinic acid, 679 
Night-blindness, 827 
Nitrogen balance, 675 
negative, 576 
positive, 575 

Nitrogen equilibrium, 575 
Nitrogen in blood, 250, 253 


Nociceptors, 738 

Nodulus and motion sickness, 765 
Noradrenaline, 135, 140, 811 
Norepinephrine (see Noradrenaline) 
Normoblast, 30 
Nuclease, 566 
Nucleic acid, 566, 567 
Nucleoproteins, 565 
digestion, 402 
Nucleosidase, 402 
Nucleosides, 567 
Nucleotidase, 402 
Nucleotides, 566, 567 

Olfaction, S37, 83S 
Olfactory area, 795 
Omasum, 354, 3S5 

absorption from, 390, 391 
contractions, 363 
functions, 363, 364 
passage of ingesta through, 363 
pressure changes in, 359 
Optical manometer, 174 
Optic axis, divergence, S29 
Optic disk, 826 
Orbitofrontal cortex, 795 
Organ of Corti, 824 
Ornithine, 556 

Orthostatic circulatory failure, 187 
Osmosis, 5 

Osmotic pressure, 6, 7 
lymph formation and, 70 
Osmotic stimuli, 715 
Ovarian follicles, 881, 8S2 
pregnancy and, S82 
Ovary, 875, 880 
hormones, 900 
pituitary and, 903 

Overheating, regulation against, 640 
Oviducts, 8S3 
Ovogenesis, 881 
Ovulation, 876, 878, 886 
Ovulation fossa, 880 
Ovum, course of, 886 
longevity, 948 
6izc, 952 
transfer, 895 
Oxidases, aerobic, 26S 
Oxidation, cellular, 270 
fat, 591 
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Oxidation (cont.) 
glucose, 526 
physiological, 268 
Oxidative (Krebs) cycle, 525 
Oxygen, debt, 710 
dissociation curve, 254 
carbon dioxide and, 256 
construction of, 255 
ions and, 256 
of fetal blood, 257 
temperature and, 256 
percentage utilization, 250 
pressure, effect of decreased, 266 
effect of increased, 267 
therapy, 253 
toxicity, 267 
transport, 253 
Oxyhemoglobin, 34, 36 
Oxytocin, 864, 895 

let-down of milk and, 911 

Pacemaker of heart, 82 
Pain (see also Visceral pain), 737 
Paleocerebellurn, 762, 763 
Pancreas, 392 
hyperglycemic factor, 542 
Pancreatic diabetes, 543 
Pancreatic juice, 392 
action, 394 
amount, 393 
amylase, 395 
chymotrypsin, 394 
composition, 393 
digestive importance, 395 
electrophoretic components, 395 
enzymes, 394 
hormonal control, 396 
lipase, 394 

pancreozymin and, 397 
regulation of secretion, 395 
secretin and, 396 
trypsin, 394 
Pancreozymin, 397 
Pantothenic acid, 681 
Paracresol in bowel, 416 
Parasympathetic fibers to salivary 
glands, 306 

Parasympathetic system, 809 
bulbar outflow, 809 


hypothalamic outflow, 809 
sacral outflow, 810 
significance, 810 
tectal outflow, 809 
Parathormone, 858, 859 
Parathyroid, 856 
hormone, 858 
removal, 857 
tetany, 857 
vitamin D and, 859 

Parathyroidectomy, blood changes 
after, 858 

Parotid glands, 306 
Pars intermedia, 862, 864 
Pars nervosa, 862 
Partial heart block, 147 
Partition hj'pothesis of fat absorption 
449 

Parturient paresis, 659 
Parturition, 893 
Pavlov pouch, 326 
Pendular movements, 420 
Penis, 942 

Pentose sugars, metabolism, 567 
Pepsin, 328 
Peptidase, 402 
Pericardium, 123 

Peripheral resistance, 161, 182, 201 
Periphery of circulation, 167 
Periscopic vision, 829 
Peristalsis, slowly traveling wave, 424 
Peristaltic rush, 422, 423 
Permeability, of cell membrane, 95 
of skin, 508 

Pernicious anemia, 30, 682 
Perosis, 667 
Peroxidase, 269 
pH, definition, 12 
Phenol in bowel, 415 
Phlorhizin, 562 
Phonation, 284 

Phonocnrdiogrnm, 108, 110, 111 
Phosphatase, 673 
Phosphates, function, 659 
high-energy, 272, 710 
Phosphorus, 655 
deficiency, 659 
Phrenic nerves, 230 
Physical theory of respiration, ZW 
Physiological oxidations, 268 
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Physiological salt solution, 20 
as plasma volume expander, 0-1 
Pia mater, 73 

Pig: 

accelerator nerves, action on heart, 

135 

adrenaline and blood pressure, SOS 
amount of urine, 501 
anuria, 199 

augmeutor effect on heart, 130 
blood pressure tracings, 173, 171, 170 
calcium metabolism, G5S 
cardiac nerves, 139 
cerebrospinal fluid pressure, 75 
chemical composition of blood, -19 
coagulation time, 55 
critical temperature, G32 
diabetes, experimental, 544 
erythrocyte, count, 24 
diameter, 23 
fragility, 27 
surfuce area, 25 
gastric gland regions, 323 
gastric juice, 339 
glomeruli, number, 487 
glucose tolerance, 552 
growth of embryo, 953 
heart rate, 143 
heat loss, 052 
hematocrit value, 20 
hemoglobin content of blood, 30 
hypoglycemia in newborn, 537, 539 
intestinal motility, 429 
leukocyte count, 45 
maximum nonfibrillating current, 
151 

molecular weight of hemoglobin, 34 
motor area, 790 
oxyhemoglobin crystals, 34 
pituitary extract and blood pressure, 
803 

placenta type, 891 
potassium deficiency, 000 
prehension of food, 303 
pressor reflex, 208 

reaction to hot temperatures, 047, 
048 

rectal temperature, 038 
reproduction, 918, 920 
respiratory frequency, 2-15 


respiratory' reflexes, 284 
salivary amylase, 315 
sedimentation rate, 20 
somatic receiving area, 794 
specific gravity of blood, 20 
stimulation of vagus, heart, 131 
stomach, 335 
movements, 343 
thiamine deficiency, 078 
urine specific gravity, 502 
vasomotor action in, 214 
vitamin-A deficiency, 072 
volatile acids in ingesta, 380 
Pilomotor nerves, 042 
Pineal, 870 
Pitch, 833 
Pitocin, 801 
Pitressin, 804 
Pituitary, S59 
anterior lobe, SG0 
hormones, 800, 802 
ovary ami, 903 
posterior lobe, 802 
extracts, 803 
removal, 80-1 

secretion, neurogenic factors, 904 
thyroid and, 855 
Placenta, 889, 890, 891 
Placing reactions, 773 
Plasma, albumin, 50 
composition, 48 
globulins, 50 
antibodies and, 51 
pooled, 28 
proteins, 50 
functions, 51 
origin, 51 

osmotic pressure, 51, 490 
sedimentation of erythrocytes and, 
20 

volume, 59 
expanders, 04 
Plasmolysis, 8 
Platelets, 18, 41 
Plethysmograph, 199 
body, 234 
chest, 234 
Pleura, 229 
Pneumograph, 233 
Pneumotaxic center, 278 
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Pneumothorax, 242 
Poikilothermism, 636 
Polynucleotidase, 402, 566 
Polypnea, 232 
Pons, 759, 760 

Positive supporting reactions, 771 
Postabsorptive state, 624 
Postural reflexes, 766, 771 
central mechanisms, 774 
cerebellum and, 763 
receptors, 771 
Potassium, 665 

B-vitamin deficiency and, 667 
effects on heart, 126, 152 
Prefrontal area, 795 
Pregnancy, 878, 879 
diagnosis, 905 
gonadotrophins, 904 
uterine changes in, 893 
Prehension of food, 303 
Premature beats of heart, 129, 147 
vagus overaction and, 148 
Pressor reflexes, 207 
Pressure sense, 737 
Prevertcbral ganglia, 805 
Principal focus, 819 
Production, efficiency of, 956 
Proestrum, 876, 877 
Progesterone, 901, 902, 908 
Prolactin, 861, 908 
Prolan, 905 

Proprioceptive pathways, 757 
Proprioceptor, 733 
Prostate gland, 942 
Protein, absorption, 450, 554 
biological value, 574 
digestion in rumen, 3S1 
fat formation from, 587 
heat value, 615 
metabolism, 554 
ammonia, 558 
deamination, 555 
endogenous, 559 
exogenous, 559 
interrelationships, 546 
isotopes in study of, 554 
muscular work and, 578 
tissues and, 558 
urea formation, 555 


nutrition by intravenous injection. 

579 

quality, 574 
quantity, 575 
requirement, 576, 577 
respiratory quotient, 622 
sparers, 578 
storage, 559 
synthesis, 560 
in rumen, 573 
“wear and tear,” 577 
Prothrombin, 53 
sweet-clover disease and, 58 
time, 56 

vitamin K and, 677 
Protodiastole, 105 
Proventriculus, 438 
movements, 439 
Pseudopregnancy, 878 
Pteroylglutamic acid, 31, 682 
Ptyalin, occurrence, 315 
Puberty, 879 

Pulmonary alveoli, ventilation, 238 
Pulmonary circulation, 188 
Pulmonary dead space, 238 
Pulse, arterial, 189 

anacrotic limb, 192 
catacrotic limb, 192 
dicrotic notch, 192 
form, 191 
incisura, 192 
length, 191 
palpation, 193 
recording of, 190, 191, 192 
tracings, 190, 192, 193 
velocity, 189 
venous, 194 

Pulse rate (see Heart rate) 

Pupillary changes, 822 
Purines, 568, 569 
Putamen, 778 
Pyloric glands, 325 
Pyloric sphincter, 336, 337 
Pyramidal tracts, 745, 786 
Pyridoxal, 680 
Pyridoxamine, 680 
Pyridoxine, 680 

intermediary metabolism and, 5 
Pyrimidine bases, 566 
Pyruvic acid, 271, 624. 625, 528, 
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Quality of meat, 956 
Quality of protein, 57*1 
Quantity of protein, 575 

Rabbit, blood volume, 59 
cecal motility, 425 
coagulation time, 55 
erythrocyte, count, 24 
fragility, 27 
specific gravity, 20 
experimental diabetes, 544 
gradient of irritability in intestine, 
423 

hematocrit value, 20 
molecular weight of hemoglobin, 34 
peristaltic rush, 422 
reproductive cycle, 919 
reticulocyte percentage, 30 
stimulation of aortic nerve, 210 
Radiation and heat loss, 040, 641, 651, 
652 

Receptors, 733 
adaptation, 734 
Reciprocal innervation, 754 
Red cells (see Erythrocytes) 
Redeglutition, 373 
Red muscle fibers, 770 
Red nucleus, 760, 768 
Re-entry theory of ventricular fibrilla¬ 
tion, 150 

Reflex, action, 748 
allied, 750 

arc, conduction in, 752 
properties, 752 
chain, 750 
simple, 750 
unconditioned, 748 
Reflexes, 796 
postural, 766 
Refraction, errors of, 823 
Refractory period, heart, 129 
nerve, 718 
Regurgitation, 369 
bolus in, 372 

optical recording, 373, 374 
reticulum and, 371 
Reinforcement, 751, 752 
Reinsalivation, 372 
Relaxin, 901 
Remastication, 372 


Renal (see Kidney) 

Renin, 185 
Renin-substrate, 185 
Rennin, 328 
Reproduction, 875 
cat, 919, 930 
cow, 917, 91S 
dog, 918, 927 
ewe, 91S, 924 
fowl, 930 
fox, 919, 930 
goat, 918, 926 
hormones and, 900 
male, 936 
mare, 915, 918. 920 
seasonal, 903 
sow, 918, 926 
Reserve air, 236 
Residual air, 236 
Respiration. 227 
abdominal, 232 
apparatus, 617 
calorimeter, 620 
chemical control, 279 
chemoreceptors and. 280 
chcmoreficx control, 279 
costal. 232 
dead space, 23S 
exercise and. 282 
stimulus, 2S3 
fetal. 892 
in birds, 286 
onset at birth, 286 
physical theory. 261 
regulation of, 274 
secretory theory, 262 
vagal control, 277 
volumes of air in, 235 
voluntary control, 283 
Respiratory apparatus, 227 
Respirator)' center, 274 
carbon dioxide and, 276 
location, 274 
repetitive discharge, 276 
rhythmic action, 276, 277 
Respiratory cycles, 234 
Respiratory frequency, 246 
Respiratory minute volume, 237 
body weight and, 237 
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Respiratory movements, accessory, 231 
methods of recording, 233 
Respiratory passages, anatomy, 227 
Respiratory patterns, 234 

Respiratory quotients, 248, 620 
brain, 762 
nonprotein, 623 

Respiratory reflexes, aorta and, 281 
carotid sinus and, 281 
fowl, 288 
protective, 281 
upper air passages and, 282 
various, 277, 278, 281 

Respiratory variations of blood pres¬ 
sure, 214 

Respiratory ventilation, multiple-factor 
theory, 282 

Reticular formation, 758, 767 
wakefulness and, SOI 
Reticular groove (see Esophageal 
groove) 

Reticulocytes, 30 
Reticulo-cndothelial system, 31 
Reticulo-omasal orifice, action of, 359 
Reticulospinal tracts, 747 
Reticulum, 354, 355, 356, 367, 371 
absorption from, 390 
contractions, frequency, 357 
functions, 357 
movements, 356 
pressure change*? in, 359 
Retina, 818, 824 
changes in, 826 
pigments, 826 
receptors, 825 
structure, 825 
vitamin A and, 671 
Rhodopsin, 827 

Rhythmic contractions, in intestinal 
segments, 420 
in intestinal loops, 421 
Rhythmic segmentations, 419 
Riboflavin, 679 
Rickets, 673 
in various species, 674 
Righting reflexes, 772 
Rigor mortis, 712 
Ringer’s solution, 125 
Roaring, 231 


Rods, 825, 826 
Rubrospinal tract, 747 
Rumen, 353, 355 
absorption, 390 
bacteria, 378 
blood glucose and, 521 
cellulose digestion, 378 
chemical changes in, 377 
contractions, blood sugar and, 359 
frequency, 357 
secondary, 357 

digestion, of carbohydrate in, 378 
of protein in, 381 
fistula, 355, 356 
gases, 382 
movements, 356 
nerve center controlling, 368 
protozoa, 379 

reaction of ingesta, 385, 386 
sounds, 358 

synthesis of protein in, 573 
temperature, 381 
vitamin synthesis in, 677 
volatile acids of, 380 
Ruminant (see also Calf, Cow, Goat, 
Sheep): 

mastication, 304 
stomach, 352 

absorption from, 389 
anatomy, 352 
automaticity, 368 
carbohydrate digestion, 378 
chemical fnctors, 377 
eructation, 382 
foreign matter in, 366 
mechanical factors, 354 
microbiological fnctors, 377 
nervous control, 367 
of young, course of liquids in, 360 
pnssnge of food residues, 364 
sympathetic nerves, 368 
vagus action on, 367 
Rumination, 368 
center, 376 
course of bolus, 373 
nervous control, 376 
time spent in, 375 

Saccule, 776 
Saliva, amount, 312 
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amylase, 314, 315 
composition, 312 
functions, 314 
pH, 312 

Salivary glands, 306 
metabolism of, 308 
nerve supply, 306, 307 
stimulation, 307 
secretion, 306 
centers for, 307 
conditioned reflex, 310 
drugs and, 308 
in ruminant, 311 
psychic reflex, 310 
reflex stimulation, 311 
regulation, 310 
thirst and, 348 
Scala tympani, 832, 834 
Scala vestibuli, S32, 834 
Scratch reflex, 757 
Scrotum, 938 
Scurvy, 683 
Sebaceous glands, 509 
Sebum, 509 

Secondary sex characters, 906 
Secretin, 396 

Secretory theory of respiration, 262 
Sedimentation rate, ugglutination of red 
cells and, 20 

plasma proteins and, 20 
significance, 21 
Segmented cells, 43 
Selenium, 668 
Semen, 943 

composition, 9-14 
diluter for, 949 
freezing of, 950 
Semicircular canuls, 776 
Seminal vesicles, 941 
Seminiferous tubules, 937 
Semipermeable membranes, 6, 10, 15 
Sensation, cutaneous, 736 
fiber size and, 738 
intensity, 735 
localization, 735 
projection, 735 
quality, 735 
temperature, 737 
Sense, muscle, 739 
organ, 734 


Sensory areas of cerebral cortex, 972 
Sensory projection fibers, 779 
Serum tryptase, 53 
Sex antagonism. 940 
Sex hormones, 900 
Sexual cycle, 875 
Sheep (see also Ruminant): 
ubomasal pouches, 3S7 
absorption from stomach, 389 
alkali reserve, 22 
bile pressure, 411 
blood ketone level, 598 
blood osmotic pressure, 27 
blood pressure, 176 
blood specific gravity, 20 
blood sugar and fusting, 537 
blood volume, 59, 64 
cardiac nerves, 139 
cardiac output, 113 
cecal motility, 428, 429 
cecal pouch, 416, 428 
chemical composition of blood. 49 
chyme, 393 
coagulation time, 55 
collection of saliva, 313 
colon motility, 428 
color of plasma, 19 
decerebrate rigidity, 767 
rumen motility in, 368 
decorticate, 785 
diabetes, experimental, 544 
digestive tract, 300. 301 
electrocardiogram, 101, 102 
erythrocyte, count, 24 
diameter, 21, 23 
fragility, 27 
specific gravity, 20 
surface area, 25 
gastric juice, 387 
growth, of embryo, 953 
of fetus, 894 
heart rate, 143 
hematocrit \alue, 20 
hem in crystals, 40 
hemoglobin content of blood, 3G 
intestinal fistula, 401 
intestinal motility, 427 
intrathoracic pressure, 241 
leukocyte count, 45 
maximum nonfibrillating current, 151 
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Sheep (cont.) 
milk, 913 

motion sickness, 777 
motor area, 789, 790 
oxygen dissociation curve, 257 
parotid saliva, 313 

passage of ingesta from abomasum 
389 

placenta type, 891 
plasma proteins, 50 
pneumothorax, 243 
pregnancy disease, 22, 596 
prehension of food. 303 
prothrombin time, 56 
reactions to hot atmospheres, 646 
617 

rectal temperature, G38 
reproduction, 918, 924 
seasonal, 904 
respiratory center, 276 
respiratory frequency, 245 
respiratory quotient and fasting, 621 
respiratory reflexes. 284 
respiratory variations of blood pres¬ 
sure, 245 

reticuloruminal contractions, 358 
rubrospinal tract, 747 
rumen temperature, 381 
salivary secretion. 309 
serum calcium, 537 
stomach digestion, 352 
tidal air, 236 
urine, 502, 503, 504 
vagus action on heart, 140 
vasomotor response, 214 
venous pressure, 178 
ventricular fibrillation, 155 
volatile ncids of ingesta, 380 
Shivering, 644 
anesthesia and, 645 
Shock, 195 
development of, 197 
hemorrhagic, 196 
signs, 195 
spinal, 749 

toxic factor in, 196, 198 
traumatic, 196 
treatment, 198 
Siderophilin, G6J 


Sinoatrial node, 92, 95, 126, 131, 134 
140, 142 

Sinus arrhythmia, 146 
Sinus nerve, 138, 209 
Sinus venosus, 92 
Skatole, 415 

Skeletal muscle (see Muscle, skeletal) 
Skin, 507 
bleeding time, 56 
dopa, 507 
functions, 507 
gas absorption by, 509 
loss of water through, 511 
melanin, 507 
permeability, 508 
sebaceous glands, 509 
ultraviolet radiation and, 508 
vaporization from, 642 
vitamin D and, 508 
Sleep, 800 

chnnges in. 801 
hypnotoxin theory, 801 
reticular formation and, 801 
theories, 801 
Smell, receptors, 837 
stimulus, 837 

Smooth muscle (see Muscle, smooth) 
Sodium, 665 
effects on heart, 126 
Sodium chloride functions in dairy 
cows, 666 

Somatic receiving area, 793 
Somatoceptor, 734 

Soinatotrophic hormone and carbohy¬ 
drate metabolism, 549 
Somesthetic area, 736, 792 
Sound, 833 
location of, 836 
physical qualities, 833 
Sounds, heart, 103, 105, 106, 107 
Korotkov, 180 
rumen, 358 

Spatial summation in nerve centers 
753 

Specific dynamic action, 628 
Spectroscope, 40 
Spectrum, 40, 826 
Sperm, longevity, 947 
maturation, 938 

passage through female tract. 



INDEX 


1017 


Spermatogenesis, 937 
Spermatozoa, number, 914 
Spherical aberration, 820 
Sphygmograph, 191 
Sphygmomanometer, 180 
Spinal animal, 180 
Spinal cord, 741 

conduction pathways, 757 
fiber tracts, 7-13 
functions, 742 
funiculi, 741 
gray columns, 741 
nerve cells, 741 
tracts, 744, 745 

Spinal nerves, components, 754 
Spinal reflexes, 755 

facilitatory effects on, 182 
mechanism, 754 
suppressor effects on, 768 
Spinal shock, 749 
Spinocerebellar tracts, 744 
Spinothalamic tracts, 744 
Splanchnic nerves, 202, 4S8, 813 
Spleen, 46 

blood reservoir function, 46 
circulation, 46 
erythrocytes and, 29, 47 
functions, 46 
Splenectomy, 46 
Stagnant anoxia, 266 
Staircase effect of heart, 129 
Standing reflex, 771 
Starch digestion by dog, 316 
Statokinetic reflexes, 773 
Stcapsin, 394 
Stepping reflex, 757 
Stereoscopic vision, 829 
Stiff-Iamb disease, 676 
Stimuli, 715 
Stimulus, adequate, 733 
conditioner!, 799 
Stomach, absorption, 445 
antrum, 336 
automaticity, 343 
emptying, 335 
filling, 334 
function. 322 
movements, 339, 341 

methods of studying, 340 


nervous regulation, 343 
pouches, 327 
Storage fat, 583 

Stress, hormonal interaction in, 870 
Stretch reflex, 770 
String galvanometer, 96 
Stromuhr, 164 
bubble, 165 
Sublingual gland, 306 
Submaxillary gland, 306 
Sticking, 304 
Sucrose, 402 
Sugar tolerance, 551 
Sulfur, metabolism, 564 
urine, 565 

Summation, reflex, 752 
Supplemental air, 236 
Surface tension, 17 
Suspension stability of blood, 20 
Swallowing (see Deglutition) 

Sweat, centers, 512 
composition, 511 
glands, 510 
nerves, 512 
secretion, 511 
significance, 511 
Sweet-clover disease, 57 
dicoumarol in, 58 
vitamin K and, 58 
Sympathetic, chains, 804 

fibers to salivary glands, 306 
ganglia, chemical transmission, 806 
functions, 805 
neurons, 803 
system, 804 

homeostasis, 808 
postganglionic fibers, 805 
significance, 806 

Sympathico-adrenal system, 541, SOS 
Sympathin, 135 
Synapse, 728, 732, 752 
action of drugs on, 733 
fatigue, 733 

law of forward direction, 733 
properties, 732 
Synovial fluid, 77 
amount, 75 
functions, 78 
properties, 77 
Synthetic estrogens, 905 
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Systolic murmurs, 110 
Systolic pressure, 180 

Taste, 838 
Taurine, 408 
Taurocholic acid, 408 
Tectospinal tract, 747 
Temperature, body, 637, 638 
central control, 646 
diurnal variations, 638 
gradients, 637, 639 
nervous regulation, 615 
regulation against elevation, 640 
against fall, 643 
critical, 631, 644 

environmental, effects on animals, 
616, 652 
sensation, 737 
Testicle, 937 
internal secretion, 939 
Testosterone, 939 
Thalamus, 761, 779 
afferent paths to, 787 
association nuclei, 762 
cerebral cortex and, 762 
impulses relayed through, 761 
nuclei, 761 

Thermal neutrality, zone of, 632 
Thermal stimuli, 715 
Thermostromuhr, 165 
Thiamine, 566, 677 
deficiency, 678 
functions, 678 

intermediary metabolism, 590 
Thiouracil, 855 
Thiourea, 855 
Thirst, 347 

hypertonic saline and, 349 
salivary secretion and, 318 
Thoracic cavity, 229 
Thoracic duct, 447, 450 
Thoroughfare channels, 156 
Thrombin, 53, 55 
bovine, 56 

Thrombocytes, 18, 44, 46 
Thromboplastic factors, 53 
Thromboplastin, 53 
Thymus, 871 ^ 

Thyroid, 850 j 
disturbances, 852 


hormone, 851 
interrelationships, 855 
iodine and, 852 
removal, 850 
structure, 850 
Thyroidectomy, 850 
Thyroprotein, effect on heart, 101 
milk yield and, 855, 910 
Thyrotrophic hormone, 861 
Thyroxine, 850, 851, 909 
growth and, 953 
secretion, 851 
Tickle sensation, 738 
Tidal air, 236 
Timbre of sound. 833 
Tissue fluid, 66, 67, 471, 473 
interchanges with blood, 71 
Tissue gases, 263 
Tissue lipid, 582 
Tissue protein, metabolism, 558 
Tocopherols, 675 
Tonus rings, 424 
Tonus waves, 424 
Touch, 736 
Trace minerals, 654 
Tracts of spinal cord, 743 
Tricarboxylic acid cycle, 525, 708, 713 
Trypsin, 394 
Tuber cinereum, 761 
Tympanic membrane, 831 

Urea, formation, 555, 556, 557 
origin, 558 
Uremia, 499 
Ureter, 500 

Uric acid metabolism, 570 
Urination, 500 
Urine, 501 
acidification, 497 
allnntoin, 569 
amino acids, 571 
amount, 504 
chicken, 505 
composition, 504 
energy loss in, 616 
formation, seew^tion in, 495 
theories, 489 
hippuric acid, 570 
molecular concentration, 502 
nitrogenous constituents, 504 
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passage to bladder, 499 
purines, 569 
reaction, 502 
specific gravity, 502 
sulfur in, 565 
uric acid, 569 
Urogastrone, 333 
Uterine milk, 891 
Uterine tube, 883, 884 
Uterus, 883, S84 

pregnancy changes in, 893 
Utricle, 776 

Vagina, 897 

Vagus, 130, 367. 48S, 810 
accelerator fibers in, 134 
respiration and, 277, 278 
transection in birds, 288 
urine formation and, 492 
Valves, heart, 91, 103, 101, 105 
Vaporization and heat loss, 610, 642, 
651, 652 

Vasoconstrictor center, 206 
Vasoconstrictor fibers, 200 
Vasoconstrictor nerves, distribution, 201 
of viscera, 202 
origin, 201 
to hind limbs, 202 
to lungs, 203 
tone, 200 

Vasodilatation, metabolites and, 212 
Vasodilator center, 207 
Vasodilator fibers, 203, 204 
antidromic, 204 
distribution, 203 
origin, 203 

Vasomotor action, detection, 199 
Vasomotor centers, 206 
Vasomotor mechanisms, 199 
cerebral cortex and, 210 
heat loss and, 641 
Vasomotor reflexes, 207 
Vasopressin, 864 
Veins, control of, 213 
Venomotor fibers, 213 
Venous flow, aids to, 185 
Venous pressure, 123, 177, 186 
Venous pulse, 194 
Venous return, 145 
Ventricular fibrillation, 149 


Ventricular systole, phases, 105 
Vertebral ganglia, 805 
Vestibular nerve, 776 
Vestibular nuclei, 762, 767 
Vestibular organ, 775, 777 
Vestibulospinal tract, 747 
Villikinin, 447 
Villus. 446 
Visceral pain, 812 

convergence-projection theory, 813 
deep, 814 

muscular rigidity and, 813 
referred, 813 
Visceroceptors, 733 
Vision, 815 
binocular, 829 
duplicity, 827 
periscopic, 829 
Visual area, 794 
Visual purple, 826 
Visual violet, 827 
Vital capacity, 236 
Vitamins, 668 (see also names of dif¬ 
ferent vitamins) 

A. 669 

A, , 669 
B-group, 677 

B, , 677 
Bi, 679 
B., 680 

B, t. 683 

C, 683 

D, 673 

D, , 673 

E, 675 
K, 676 

Vitreous body, 817 
Volatile acids, absorption, 451 
in ingesta, 380 
Vomeronasal organ, 838 
Vomiting, 350 
center, 351 

nervous mechanism, 351 

Water, 471 

as lubricant, 474 
balance, 474 
content of body, 471 
distribution in animal, 471 
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Water (cont.) 
diuresis, 496 
drinking, signal for, 348 
exchange, 72 
excretion, kidney, 496 
loss, 475 

insensible, 511, 643 
measurements of, in body, 472 


output, surface area and, 476 
properties of, in body, 473 
White cells (see Leukocytes) 
White muscle fibers, 770 
White rami, 804 

Zinc, 667 

Zone of thermal neutrality, 632 
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